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ABSTRACT 


The aim of the study to be described in this thesis was to 
establish the location of the A protein in bacteriophage R17 and to 
isolate an infectious A protein-RNA complex from the virus. 

Neutralization of the infectivity Be ieiace R17 by antibodies 
prepared against highly purified A protein, provides direct evidence 
that this protein is present on the surface of the virus particle. 

This location is confirmed by the finding that lactoperoxidase catalyzes 
the iodination of the A protein as well as the coat protein monomers 

of intact phage particles, which have been purified by non-disruptive 
means. 

Cross-linking studies using bifunctional reagents were initiated 
in the hope of establishing the topographical location of the A protein 
in the phage capsid. However, these studies yielded no information 
regarding the neighborhood of the A protein, but the formation of coat 
protein dimers was observed and this is discussed in relation to the 
recent models of the structure of RNA phages. 

An A protein-RNA complex which is infectious to intact E. coli 
cells was isolated from the coprecipitate of A protein and RNA which 
results from acetic acid treatment of intact phage particles. Isolation 
of the complex was achieved by equilibrium centrifugation in Cs,S0,. 
This complex is disrupted by the perturbants, ethylene glycol and 
dimethyl sulfoxide which suggests that both hydrogen and hydrophobic 
bonds are required in its maintenance. That similar bonding types also 
exist in the intact phage particle is suggested by the finding that the 


A protein is dissociated from the RNA upon treating the particles with 


8 M urea. 
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TEMED N,N,N',N'-tetramethylethylenediamine 


SDS sodium dodecyl sulfate 

MMB methyl 4-mercaptobutyrimidate hydrochloride 
DMS dimethyl suberimidate dihydrochloride 

DMSO dimethyl sulfoxide 

G-HC1 guanidine hydrochloride 

TCA trichloroacetic acid 

DNP dinitrophenol 


DEAE cellulose diethylaminoethyl cellulose 


IgG immunoglobulin 


All temperatures are expressed in degrees Centrigade. 
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CHAPTER I 


INTRODUCTION 


Since the discovery (Steitz, 1968a) that the product of the A 
cistron (viz. the A protein also called the maturation protein) of RNA 
bacteriophages is a structural component of the virus particle where 
it is present in only one copy, a great deal of work has been done in 
an attempt to characterize the protein and to obtain information 
regarding its location in the particle and its function during infect- 
ion. While the A protein has been shown to be essential for correct 
assembly and for infectivity, the exact role it plays in these processes 
has not yet been clarified. 

The purpose of the present study was to determine the location of 
the A protein in bacteriophage R17 and to investigate its role in 
infectivity. The following will be a brief resume of those aspects of 


the phage system relevant to this study. 


A. Phage Structure 


Since the isolation of bacteriophage f2 by Loeb and Zinder (1961), 
many RNA coliphages have been isolated from sewage effluents throughout 
the world. Structurally, these phages are very simple being composed 
of a single-stranded RNA genome of about 3,500 nucleotides (Fiers et al., 
1976) with a molecular weight of Tec eanes (Simhaeet ai.>° 1965), “which is 
enclosed by a capsid containing 180 copies of the coat protein (MW = 
13,750) and one copy of the A protein (MW = 40,000). Despite the 
different geographical locations of their origins, these phages are 
very similar and they can be divided into three groups on the basis 


of the chemical and immunological properties of their coat proteins 
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(Watanabe et al., 1967; Nishihara et al., 1969). The group I phages 
(whose members include f2, R17, fr, MS2, M12 and ZR) have been most 
Studied; the amino acid sequences of many of their coat proteins have 
been determined and it has been found that they differ from one another 
only by a few amino acid substitutions (Weber and Konigsberg, 1967; 
Weber, 1967; Wittman-Liebold and Wittman, 1967; Nishihara et al., 1970). 
Apart from Qf (Group III) for which the coat protein sequence has been 
worked out (Maita and Konigsberg, 1971), only the amino acid composi- 
tions of the coat proteins of the phages in Groups II and III are 
known. In general, the amino acid composition of the coat protein of 
a member of a group is very similar to that of another member of the 
same group and properties determined for one member can usually be 
applied to the others. 

The feature of the RNA phages which has made them such important 
objects of study is the small size of their genomes. Complementation 
analyses and physiological analyses of the amber and temperature- 
sensitive mutants of the phages have established the existence of 
three cistrons (Horiuchi et al., 1966; Gussin, 1966; Horiuchi and 
Matsuhashi, 1970) and the order of the genes on the genome has been 
deduced by Jeppeson et al. (1970) to be 5'-A-Coat-Replicase-3'. This 
deduction has been corroborated by the correspondence of the nucleo- 
tide sequence of the coat cistron (Min Jou et al., 1972) and the A 
cistron (Fiers et al., 1975) to the amino acid sequence of the coat 
protein (Lin et al., 1967; Vandekerckhove et al., 1969) and the A 
protein (Fiers et al., 1975). Recently, the sequence of the replicase 
gene was reported (Fiers et al., 1976) so that the entire primary 


structure of the genome has now been established. 
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The RNA of these phages is present in compact form as indicated by 
the low radius of gyration and the high sedimentation coefficient 
(26S in 0.1 M NaCl) (Gesteland and Boedtker, 1964). A helix content of 
about 70% was estimated for the isolated RNA and of about 80% for the 
RNA as packed into the capsid (Mitra et al., 1963; Boedtker, 1967). 
In 0.01 M NaCl (Gesteland and Boedtker, 1964) and in formaldehyde 
(Boedtker, 1968; Spahr et al., 1969) the RNA extends to a more linear 
form and has a much lower sedimentation coefficient. The organization 
of the RNA inside the capsid is still unclear. Low-angle X-ray 
Scattering studies have shown that the phage particle has a mean outer 
raddussofel 31.7 R (Zipper, 1971) and consists of an outer protein 
shell of width 30 K (Fischbach et al., 1965) and a less dense inner core 
at the center of which is a hole of radius 15 A. The core contains 
80% of the RNA; the remaining 20% is considered to penetrate into the 
shell most probably intercalated between the protein sub-units. 
Hohn (1969) suggested that some of the basic amino acids of the coat 
protein may interact with the phosphate groups of the RNA. If all the 
basic residues were involved in such binding, two-thirds of the RNA 
would be bound while the rest could form a core with the phosphate 
groups neutralized by counter-ions such as Mg’ or spermidine. The 
latter is an organic cation and phage RNA isolated with phenol and 
sodium dodecyl sulfate has been shown to contain 70 to 90 moles of it 
per mole (Fukuma and Cohen, 1975). Hohn's concept was extended by 
Matthews and Cole (1972) who proposed a structure in which the acidic 
amino acids are on the outside interacting with solvent while the 
hydrophobic amino acids lie between the negatively and positively 


charged groups. 


N t 
= 5 a ae : 
satu’ iaastac ei: bet + fiom 


bedaihs 
a bees? i wat 


i 


va , ie al ne ; ee 
a 7 Mt ae 
St reader's 9 wits phy ofearr caietsbloe dike las if 10) {tat ‘ too! a 
7 re- a 
7 
7 ott) (eb 208 tik adh tos Lon Ae iB band ar SG7 bis eas rene ms si . 77 


CTAED 9 tet. Naod  phoel ,. te 7@ 2) re Steen wilt send bud wee il 


(eh Taitud at fre (APL prod thao Gi ee feted). Pe! li v na 


\ Waenh! sida wn dd Shade AUK wily (QOCT 2. Ds dav atdeg? shee) ve nn 
weksasicasgio atl | isgpeteiites es bomjeetaos el.  aath Jere 7 
. rf ‘aa 
( ad eT | 305 ae strbieoay Fit ya AE bless i) rir (ein wh 
nl i 
ng4u0 nee WW Aaiieiosiy.|, 9:40. otig Jali awete- eat geliwe sit 724s 
d i Y 
. "a , a Ly - w o rt — * r 4 - 
i 44 Vag Vat hs kh 3G j2LRi » beote CONSL yeah ) \ ” oO 
i is Fj a 
yrcuay ! gaint pal "hea he . < iB ‘ toebdlostt) A We Aahte Jo ff 
. enn ae = /| -~ 
= 715 
te oC! Bro a oan Ad LOnY, £0 Jodq & ab tok I inns 
in 40 . M c be , } 14 NLL ea T gti ; sid 
at 6. 2b er ant D1 tlw =i lida j 
— ® @ ~ 
4 ; aw >. } a ' - wo } 
af? (o 42biA8 onli “eed SA3 10, .4id5 0A beteagens OSA) 
; 24 é SA/ 1 Ti nt in Wi 7s ude ) i 4 ‘ Pee ‘ 1 ‘Cam oj 
h< . a 7 ¥ 


( >t) 7 
wt! art ib ele fa-3 a} PS ees) Ls { dane ry fev , rrs4y 4 pitas 
> Ler ' By ; gt" | 


j : ; 
syn yaiaig aly tycw sryou"'s frre Lo Pedic’ az aij % iad Hay Ta Lad 


i 
; - 
aMT. .suthtibneys cr Md oe fle jt jh Lins ryt hgRED IS 05m gia 
. eM) ued i s, Wyatsres i = 
( ; hago, Uf ihn sole Ne A} vat nan) bap ON. C 3 ‘yr welts s3 lan vse 
> i. A 7 = 


ah te akin Oe ba.-8 
16 a Ad | 7 Se 
J wr away s 
ath arian 
. 7] a saye AY he 98 8%, mi) a 
5 
ad 


_ ie 


Studies of electron micrographs have shown that these phages have 
overall icosahedral symmetry but the detailed topography of the virus 
remains to be clarified. Several models have been proposed in an 
attempt to account for the arrangement of 180 identical subunits on an 
icosahedron. Such an arrangement cannot be perfectly symmetrical and 
the subunits are only in "quasi-equivalent" conditions (Caspar and Klug, 
1962), which means that there are variations in the lengths and angles 
of bonds between the subunits. Therefore, it was initially predicted 
that such icosahedral structures would be stable only after they have 
been completed and that their final structure would be determined by 
a morphopoietic factor such as nucleic acid. However, it was subsequent- 
ly demonstrated (Matthews and Cole, 1972) that under carefully controlled 
conditions, coat protein monomers can undergo assembly to form stable 
empty capsids. Vasquez et al. (1966) studied the morphology of nega- 
tively-stained R17 particles by electron microscopy and concluded 
that the capsid proteins are arranged as 20 fener and 12 pentamers. 
Subsequent studies by Klug et al. (1966) and Hohn and Hohn (1970) led 
to the formulation of a 60 capsomere model. An alternative mode of 
ascertaining the structure, viz., by the characterization of the inter- 
mediates released by controlled disassembly of the particles in 
guanidine-HCl (O'Callaghan et al., 1973) led to the proposal that the 
capsid comprises 20 nonagons. Such an arrangement violates the 
principle of quasi-equivalence and hence a revised model has been 
proposed (Dunker and Paranchych, 1975) in which the protein subunits 
are arranged in dimer formation with rings of five about the five-fold 
axis and rings of six about the three-fold axis. The latter model has 


been further substantiated by three-dimensional image reconstructions 
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from electron micrographs of phage particles (Crowther et tal.,, 11975). 


B. A protein and its involvement in phage infection. 


The RNA bacteriophages specifically infect Hfr, Fr or F' strains of 
E. coli all of which possess a piece of extrachromosomal DNA, i.e., a 
plasmid which can code for the production of F pili. The latter, which 
were first observed in the electron microscope by Crawford and Gesteland 
(1964), are long, thin surface appendages to the sides of which large 
numbers of RNA phage can attach. To date, little is known about the 
mechanism by which these structures mediate the penetration of the phage 
genome into the host cell. Negatively-stained pili show an axial hole 
which is about 2.5 nm in diameter (Brinton et al., 1964) and this led 
to the proposal that F pili may serve as hollow tubes for nucleic acid 
transport. Several other models have been proposed since then. Marvin 
and Hohn (1969) and Curtiss (1969) suggest that attachment of the phage 
to the side of the pilus triggers a retraction of the latter through a 
process of sequential depolymerization of pili subunits within or at 
the cell membrane. This process would lead to the arrival of the 
phage at the base of the pilus where the RNA could be injected into the 
cell. More recently, Brinton (1971) modified his earlier model by 
making the assumption that F pili consist of two parallel protein 
filaments which either permit passage of the nucleic acid ("conduction") 
or which move relative to one another and so transfer the molecule in 
a "conveyer belt" mechanism. 

That the A cistron product is in some way required for the assembly 
of infectious particles was first suggested by the fact that phage- 
like particles which are both structurally defective and non-infectious 


are produced upon infection of suppressor-negative bacteria with phage 
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containing an amber mutation in the A cistron (Lodish et al., 1965; 
Heisenberg and Blessing, 1965; Argetsinger and Gussin, 1966). The 
defective particles produced in such a system appear normal in the 
electron microscope but they cannot attach to host cells and while 
their RNA is intact and infectious if grown on an RNase I host 
(Heisenberg, 1966), part of the RNA is degraded when the particles 

are exposed to nucleolytic attack. The wild-type phage in comparison 
is stable to RNase. The digested defective particles - light defect- 
ive particles - band as a broad peak in CsCl density gradients at 
lower density than the intact phage and corresponding to an average 
RNA content of two-thirds that of the original. The sedimentation 
coefficients of defective and light defective particles are 69S and 
74S respectively as compared with 80S for the wild-type phage. The 
lower sedimentation of the particle lacking only A protein is probably 
due to higher friction because of a protruding piece of RNA since 
RNase treatment results in an increase in the rate of sedimentation 
even though the molecular weight is decreased. Another indication that 
RNA protrudes from the defective particles is that they react with 
anti-RNA antiserum while wild-type phage do not (Heisenberg, 1967). 
From all of these studies, it was concluded that the class A amber 
mutants are structurally defective. Lodish et al. (1965) suggested 
that the structural aberration might be due to the lack of an enzyme 
specified by gene A and responsible for assembly of the phage 
particles. Argetsinger and Gussin (1966) suggested that the A protein 
is a structural protein and functions as an attachment organelle. 
Since the particles produced by the several class A mutants of R17 


studied vary in the extent to which their RNA is available to nucleo- 
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lytic degradation, the mutants must differ structurally from one 
another. A structurally incomplete enzyme would not be expected to 
function catalytically and hence the former suggestion does not seem 
feasible. On the other hand, it is easy to envision that an incom- 
plete structural protein, though unable to function in attachment, 
might be able to associate with the virus particle and exert some 
control over the extent of degradation of the RNA. 

Steitz (1968a) confirmed that the A protein is indeed a structural 
component of the phage by exploiting the fact that the A protein can 
be specifically labeled with histidine since it contains this amino 
acid (Vinuela et al., 1967) while the coat protein does not (Weber, 
1967). Electrophoretic examination of 34 histidine-labeled R17 using 
SDS-polyacrylamide gels showed the presence of a polypeptide (MW 
35,000-40,000) which coelectrophoresed with a phage-specific protein 
isolated from actinomycin-treated infected spheroplasts. Also, no 
protein of this mobility was observed in non-infective gene A amber 
mutants of R17 grown on suppressor-negative hosts. 

The purification of A protein from the intact virion is complicated 
by the insolubility of the phage structural proteins in non-denaturing 
solvents and by the low molar ratio of A protein to coat protein. 
Despite these difficulties, Steitz (1968b) developed a purification 
procedure by following the fate of the histidine-labeled component of 
R17. Ion-exchange chromatography on phosphocellulose, subsequent to 
dissociation in 6 M guanidine-HCl and dialysis into 8 M urea, permitted 
the separation of A protein from the coat and the RNA in a single step. 
All of the RNA and 98% of the coat protein appear in the flow-through 


volume. The A protein adheres to the column, is eluted with a linear 
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NaCl gradient and is dissolved in buffer containing 8 M urea. 

Osborn et al. (1970) describe a procedure which yields sufficient 
amounts of A protein for chemical studies. This method is simpler 
than that described by Steitz and permits nearly quantitative recovery 
of pure A protein. The method makes use of the fact that the coat 
protein is soluble in 66% acetic acid while the A protein and RNA form 
a precipitate. Upon treating the latter with potassium dodecylsulfate, 
the RNA is removed, leaving highly purified A protein from which the 
residual dodecylsulfate is removed by washing with acetone. 

Amino acid analysis was performed on the purified A protein by 
Steitz (1968b) and the amino acid composition was compared with that 
of the coat protein. The most notable differences are the absence of 
histidine from the coat and the presence of this amino acid in the A 
protein. Also, the A protein has a higher content of arginine. Five 
residues of histidine occur per 37,500 daltons of A protein, and 
isotopic methods reveal an average of 4 histidine residues per wild- 
type phage particle. Therefore, there is only approximately one A 
protein molecule per bacteriophage particle. The sequence of the A 
protein is almost complete (Fiers et al., 1975) and a notable feature 
is the clustering of hydrophobic amino acids which might explain the 
tendency of this protein to adhere to dialysis membrane and other 
surfaces even when dissolved in denaturing solvents (Roberts and 
Steitz,~196/:, Steitz, 1968b; Valentine, et al... 1969; Hohn»and.Hohn, 
1970). No regions of extensive homology were observed between the coat 
and the A protein. 

Studies on the interaction of phage with F pili are complicated 


by the fact that RNA phage preparations are heterogeneous with respect 
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to the attachment function. The attachment assay is based on the fact 
that phage which are bound to F pili are retained on a membrane filter 
whereas unadsorbed phage pass straight through. Only 10% of the phage 
population are infectious (Class I). The remainder of the phage can 
be divided into two categories. Class II particles (80% of the popula- 
tion) adsorb much less effeciently than Class I particles and although 
the A protein is transferred into the host cell after interacting with 
it, little or no RNA is released from the phage (Paranchych et al., 
1971). It has been suggested that the defect in Class II particles is 
due to a dissociation of an A protein-RNA complex, although of course, 
it may be due simply to a break in the RNA chain at or near the region 
of contact with the A protein. Ejection of the A protein from Class II 
particles renders them sensitive to RNase suggesting that the RNA 
becomes exposed when the A protein is removed. The remaining 10% of 
the population (Class III) are non-infectious and have been shown to 
lack the A protein but they are completely resistant to RNase (Krahn 
and Paranchych, 1971). 

Class III particles may possibly be an artefact resulting from 
the use of CsCl density gradient centrifugation in the purification 
procedure. It has been shown by Verbraeken and Fiers (1972) that 50% 
of the phage particles lose their A protein upon centrifugation in a 
cesium chloride gradient. The resulting particles resemble the Class 
III particles in that they are non-infectious and resistant to RNase. 
The reason for such a great loss of A protein from particles in CsCl 
observed by Verbraeken and Fiers may be due to the different purifica- 
‘tion procedure employed. While the latter workers used ammonium 


sulfate precipitation followed by freon extractions, Krahn and 
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Paranchych (1971) used a polyethylene glycol-sodium dextran sulfate 
two-phase system. The lability of the A protein on the phage particle 
is further emphasized by the finding that this protein is removed from 
intact particles at concentrations of sodium dodecyl sulfate insuffici- 
ent to solubilize the coat protein subunits (Knolle, 1972). 
Reconstitution of phage has led to a greater understanding of the 
role of the A protein. The first attempts to assemble particles in 
vitro were carried out by Hohn (1967) and Sugiyama (1967) using coat 
protein isolated by the acetic acid method and RNA isolated by phenol- 
isation. The main products were particles which resembled wild-type 
phage as judged by their appearance under the electron microscope 
and which in the absence of RNase had the same buoyant density in 
CsCl (1.43 g/cc) and contained a normal amount of RNA. However, the 
infectivity was very low Crome tone the sedimentation conStant was 
only 70S and part of the RNA was sensitive to RNase. Hence, these 
particles resemble the A amber mutants. Possession of the purified A 
protein enabled Roberts and Steitz (1967) to carry out reconstitution 
of phage R17 using all the components. They showed that a significant 
synthesis of infective particles occurs only when A protein is included 
in the assembly mixture and they suggest that the low infectivity 
observed in the particles assembled from RNA and coat protein alone is 
due to residual A protein in the coat protein preparation. Similarly 
in Q8, a linear response of PFUs as a function of added A protein was 
observed (Hung and Overby, 1969). However, the overall yield in 
infectivity is low in both the R17 and Qf systems - 2 x 107° RNA 


molecules per input RNA or less are converted into infectious particles. 


This is in sharp contrast to the situation for TMV and the small ico- 
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sahedral plant viruses where the infectivity restored in in vitro 
reconstitution experiments is of the same order of magnitude as the 
infectivity of the in vivo produced virus (Bancroft, 1970). The 
success of the latter experiments, however, is probably due to the 
easier mode of infection of plant viruses which are believed to enter 
only damaged cells. 

Kaerner (1970) suggests a reason for the low yield of infectious 
phage in reconstitution experiments. He found that if infected 
23 coll cellsparejstarved of histidine 12. min after, infection,, ie. 
just prior to initiation of synthesis of the A protein, non-infectious 
particles are formed. These particles resemble the defective phage 
produced by Class A amber mutants as judged by their sedimentation 
velocity, CsCl buoyant density and RNase sensitivity. Such defective 
particles are not converted to infectious phage if synthesis of the A 
protein is resumed in the host cells. Kaerner therefore suggests 
that the binding of A protein to RNA is an early event in the phage 
assembly process possibly governing the correct aggregation of the 
main coat protein subunits which leads to the formation of intact 
infective viruses. That the A protein may have a primary role in 
assembly is further suggested by the isolation from newly-infected 
cells of an early assembly intermediate consisting of a ribonucleo- 
protein which is rich in A protein (Bonner, 1974; Cramer and Sinsheimer, 
1971; Richelson and Nathans, 1967)... Also, the fact that the bulk of 
the A protein is synthesized prior to synthesis of the major part of 
the coat protein (Vinuela et al., 1967) lends support to the theory 
that the A protein is required in the early stages of assembly. 


However, the relative time at which the A protein enters the 
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assembly process does not allow any prediction about its final loca- 
tion in the particle. The different functions of the phage attributed 
to presence of the A protein, viz., protection of the RNA from nucleo- 
lytic degradation, adsorption to the bacterial pili and release of RNA 
during the infectious process have given rise to different models for 


“core 


the location of the A protein on the virion. According to the 
model, the A protein is located inside the capsid where it can 
stabilize the RNA and at the same time confer infectivity by determin- 
ing the overall conformation of the particle. According to the "tail" 
model, on the other hand, the A protein is located on the phage surface 
where it is thought to have the primary functions of adsorbing the 

phage particle to the host and triggering release of the phage RNA 
(Argetsinger and Gussin, 1966; Steitz, 1968b). Evidence in support of 
the latter model has been obtained by Curtiss and Krueger (1974) who 
showed that the A protein, isolated from MS2 particles which have been 
conjugated with dinitrophenol (DNP), contains covalently attached DNP 
and who further showed that lactoperoxidase catalyzes the iodination 

of the A protein as well as the coat protein monomers in intact MS2 
particles. 

The position of the A protein in the particle cannot be visualized 
in the electron microscope. Although the three-dimensional image 
reconstructions from electron micrographs of phage particles (discussed 
above) give some idea as to the distribution of the capsid protein, 
the contribution of the A protein is lost when the data are icosahedral- 
ly averaged (Crowther et al., 1975). However, in their structural 
model for R17, Dunker and Paranchych (1975) propose that the A protein 


could protrude through an opening at either the three-fold or the 
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five-fold axis of the icosahedral particle. 

Several lines of evidence suggest the importance of an A protein- 
RNA complex during the process of infection. Krahn et al. (1972) 
found that the interaction of R17 particles with F piliated bacteria 
at 37° leads to the cleavage of the A protein (MW 39,000) into two 
smaller components (of molecular weights 24,000 and 15,000) which are 
ee into the cell along with the phage RNA. A similar co- 
transfer of A protein and RNA into the host cell during infection with 
MS2 was observed by Kozak and Nathans (1971). The fact that the A 


protein and RNA are injected into the cell in approximately equimolar 


amounts and that their kinetics of penetration are similar (Krahn et al., 


1972) suggests that these components may be transferred into the host 
bacterium as a complex. That an A protein-RNA complex may exist in 
intact phage is suggested by the findings of Oriel (1969) that the A 
protein is associated with RNA fragments released from whole phage 
following alkaline or heat treatment. Furthermore, the coprecipitate 
of A protein and RNA produced by treating intact phage at 4° with 66% 
acetic acid (Osborn et al., 1970) has been shown to contain an A 
protein-RNA complex which sediments at the same rate as free RNA in a 
sucrose gradient and which, unlike free RNA, is infectious to intact 
E. coli cells (Leipold and Hofschneider, 1975). A similar infectious 
A protein-RNA complex was prepared in vitro by the addition of highly 
purified A protein to RNA in a reaction mixture containing 5 M guani- 
dine-HCl1 and the subsequent removal of the latter by dialysis (Shiba 
and Miyake, 1975). If such an A protein-RNA complex is indeed present 
in intact particles, then presumably the A protein is associated with 


the RNA in a unique fashion, possibly with the portion which is 
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injected first during the infectious process. Lodish (1968) proposed 
that the 5'-terminus of the RNA is injected first since defective 
particles contain an intact 3'-end but are lacking a 5'-end. However, 
the recent findings of Wong and Paranchych (1976a) have not corroborated 
Lodish's proposal. Following limited cleavage of R17 RNA in situ 
with Be conbare-CuMel treatment, they permitted interaction of the 
treated phage with a bacterial host. The infection was terminated 
when it was observed that the A protein together with an RNA fragment 
had entered the host cell. Examination of the RNA extracted from the 
partially empty capsids for the presence of the 5'-(pppGp) and the 
3'-adenosine (A) termini revealed that the G4P/GMP ratio had increased 
while the A/AMP ratio had markedly decreased. These findings led Wong 
and Paranchych to propose that the 3'-end of the phage genome acts as 
the pilot end during the RNA penetration process. Therefore, it 
seems feasible that a site at or near the 3'-terminus may well be the 
primary recognition site for the A protein. Presumably, the coat 
protein then associates around this A protein-RNA complex in such a 
way that the A protein is exposed on the surface of the resulting 
icosahedral particle. Such a location would enable the A protein to 
carry out a dual role in the infectious process, firstly as an attach- 
ment organelle by specific interaction with the F pilus and secondly 
as a pilot protein which in some as yet unknown manner, facilitates 
the entry of the RNA into the host bacterium. 

The present investigation was aimed at obtaining further informa- 
tion regarding the role of the A protein in the R17 infectious process. 
Although considerable indirect evidence was already available 


suggesting that the A protein occupies a surface location on the 


with, | 
- ji? ah >, 7 2 7 

‘4 , we fay purakae tree SEY Bet i Suikd ‘be 
hit ms, : ; 1 
*) a a - - a _ ', a , » 
hae \ Se i9ewhal Sonhe forlt, Lagan ee | LR 
. ear Ns vt. P 

. TavawuH, -) bsg So: ‘eve on: Asnl sta (30a6 “bi: soital: iti is tes 

t is : a ef 
: a ve ved i 

be ?nvodarvies. 20n eved. (uelGl). dovicnevet one gow ti vaunted t ites 


Rete we AMA NOT. Nit Ayevarin hasta galweLiod’ «leaves. 2" 
j _ 7 
; ; + | = 
wil Melon eI Hersey yon) sewed! Oa edie oes | 


Hy leniagTay fiw wotsa@2 i. | & ie latiajesed pe iw gen bots 


' : f , f 7 ; af 
yet betsesses AUE si: aka [8a Ysod ods borstas bed 


te 
pis \ fe a led sug ie ee wit 9G: i ' x jams Vlisieya 4 _ 
; a 
me ate PA adit LO 1 Scr Salieuvoy Puteys+*tAd odtatudies 


7 
OE ROL ) pods eh ijt WHA i. wt ker - 
a ey ie 


Ww RPI. UL ey alvtaek Te! otf 86.7% SedqagyT 98 vis saath 


’ : - : ; _ ( - a ess » ‘ i. *? Hy 7 
-n2930h rtAtLg ‘7 ur! ty peta i iol@ 4 ats 7 
a 
a 
ee, bot ly Pun tind se! iy sia rier we 
4 ; Fens J ; 1a rad | 9 £91 Gintdaad 
j x; ; rei us may wan > j ‘ ean ( yew ra 
Ld 
2 toon Log") 4 = 44 iy » 7 ' ? » 
P P ane a Sf ak j ¥i a Oe | q 
Ciip's 
ei | ht seme 4 eT sn i } ms c j ; j A? } i" ut vi 
OJ Riedote 8 oda ceichah Alany moXsiiguT nx. Bove 4 me: lav 
“~tintie ‘els fas a = ae ~ “ ‘ * 
F $a: V1 IS32% saeu Q. Sitia, j MPU. Oras (Geib # den wi 
re » : ; a ‘ i ; I : 
‘ TO ea fare 7 ‘ } ** : 9 oe ee 4s . 
hah 20 PAN Wi GS S49 FO Day, ak atabae Wh of fe pve th 
7 A rues 


lave ; 
mi’ a are trl peigy ote wnbiey 
Tike 
, . P i 
Baay og ie asa Het te tts 4 


Ab ab ALdaethiiens 


idk ahh seat 
440 fC a 
me ae 


iE 


virion and that it is physically linked to the phage RNA, no direct 
evidence to support either of these ideas was available. Studies were 
thus initiated in this laboratory to determine whether the A protein 
in whole phage can be inactivated by anti-A protein antibodies and/or 
whether it can be iodinated by lactoperoxidase. Studies were also 
carried out to examine the effects of various cross-linking reagents 
on the capsid proteins. Attempts to isolate the A protein-RNA complex 
were greatly aided by the report of Leipold and Hofschneider (1975), 
which showed that a 66% acetic acid precipitate of phage RNA and A 
protein can be solubilized in a Tris-EDTA buffer, and that this soluble 
material contains small quantities of an infectious complex of RNA 

and A protein. As described in what follows, these studies provide 
overwhelming evidence that the A protein is a surface protein and that 


it is physically connected to the phage RNA. 
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CHAPTER II 


MATERIALS AND METHODS 


A Meee ile 


Ibe Bacteriophage and Host Bacterium 


The RNA bacteriophage, R17, originally isolated by Paranchych 
and Graham (1962) and a host bacterium, Escherichia coli (E. coli) 


WP156 (Hfr met T a Sm) were used throughout the studies described 


if 
in this thesis. 
The bacteria were maintained on hard agar plates for routine 
use. Permanent stocks were stored on hard agar slants in wax-sealed 
vials. Cell cultures were started by transferring a single colony 
from an agar plate to either 10 ml of minimal medium which was shaken 


in a 37° water bath overnight or 5 ml of L Broth which was grown 


statically in a 37° incubator overnight. 


2. Bacterial Culture Media 
(a) Supplemented Tris(hydroxymethyl) aminomethane maleic 
acid minimal salts (TMM) medium 
The basic TMM salts solution contained the following compon- 
ents in moles per liter; Tris, 0.05; maleic acid, 0.05; NaC1, 0.043; 


00015 3Na, SOns 0.001% 


4 2 Daal 


After dissolving the above in distilled water, the pH was 


KC1, 0.027; NH,C1, 0.019; Na, HPO 


adjusted to 7.3 with concentrated NaOH and the solution autoclaved 
at 126° for 15 min under a steam pressure of 20 Teey ines 


In order to support the growth of E. coli WP156, this salts 
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solution was supplemented by adding sterile nutrient solutions in 


the following proportions: 


Basic TMM salts solution 910 ml 
50% (w/v) glucose 10 ml 
0.25% (w/v) L-methionine 10 ml 
Om M MgCl, 10 ml 
20 mg % d-biotin 50 ml 


This will be referred to as "supplemented TMM medium" throughout 


the course of this thesis. 


(b) L Broth 
Tryptone (Difco) 10 ¢/1 
Yeast extract (Difco) 5 g/l 


Autoclaved solutions had a pH of 7.2 - 7.3 


(c) Hard Agar 
Trypticase soy broth BOrey 
Bacto-Agar (Difco) 15 ee7 
After dissolving, the solution was autoclaved and dispensed 
while warm into disposable Petri dishes. 
(d) Top Agar 
Top agar was prepared as above except that the final agar 
concentration was 11 g/l. Sterile top agar was stored in 50 ml volumes 
until used. In preparation for plaque assays, the agar was melted in a 
boiling water bath, dispensed in 2 ml aliquots into sterile culture 
tubes and maintained in the liquid state until used by incubating at 50° 


in a Temp-Blok (Lab-Line Instruments, Inc.). 
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3° Bacteria and Phage Diluent 


All dilutions of bacteria or phage were made with a sterile 


solution composed of 0.9% (w/v) NaCl, 5 mM MgCl, and 5 mg % bovine serum 


Z 
albumin. Diluent was dispensed in 10 ml volumes into sterile 20 mm 


dilution tubes and stored at 4°. These solutions were prewarmed to 


room temperature before use. 


4. Chemicals, Enzymes and Reagents 


Unlabeled amino acids, ribonucleosides, sodium dextran sulfate 
500-S, lysozyme (egg-white), pancreatic ribonuclease (5 x recrystalliz- 
/ 


ed), lactoperoxidase (A = 0.75) and bovine serum albumin were 


412/"280 
purchased from Sigma Chemical Co. Urea (ultra-pure), guanidine hydro- 
chloride (ultra-pure), sucrose (ultra-pure, RNase-free) and Coomassie 
Brilliant Blue were obtained from Schwarz/Mann. Sodium dodecyl sulfate 
was from Matheson, Coleman and Bell and the agarose (Indubiose A37) 

from L'industrie Biologique Francaise. The ethylene glycol, acetic 

acid and sodium iodide were 'Baker Analyzed' Reagents and the dimethyl 
sulfoxide, hydrogen peroxide and bromophenol blue (0.04%) were Certified 
Fisher Reagents. Polyethylene glycol 6000 was supplied by J.T. Baker 
and Co., as was the acetone ('Baker Instra-Analyzed' Reagent). The 
cesium chloride (Sequanal Grade) was obtained from Pierce and the 

cesium sulfate (99.9%) from Apache Chemicals. The dimethyl suberim- 
idate dihydrochloride was purchased from Aldrich, the methyl 4-mercapto- 
butyrimidate from ICN and the glutaraldehyde (8%, pH 5, under nitrogen) 
from Polysciences. The Amylose Azure (B Grade) was supplied by 
Calbiochem. N,N,N',N'-tetramethylethylenediamine (TEMED), acrylamide 


and N,N'-bis-methylene (bis) acrylamide were obtained from Eastman 


Kodak. The latter two were recrystallized before use according to 
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the procedure published by Loening (1967). Column Coat was purchased 
from Canalco and the NCS reagent employed for solubilizing polyacryl- 


amide gel slices was from Nuclear Chicago. 


5. Radioactive Materials 
Radioactive precursors for the preparation of labeled phage 
R17 were obtained from the following sources: 32, (inorganic phosphate, 
carrier free) from New England Nuclear; Na 1235 (carrier free) and 


susan sist din’ (45 Ci/mmole) from Amersham/Searle. 


B. Growth of Bacteria 


Experimental cultures were grown at 37° in a rotary-shaking 
water bath from a 1/50 dilution of an overnight E. coli culture. In 
order to achieve maximum aeration and avoid excessive breakage of F 
pili, shallow cultures (generally 20% of the flask volume) were shaken 


at a speed of 125 rpm in baffled culture culture flasks (Bellco Glass 


Co.). Under these conditions, cultures generally reached a cell density 


OL 45x 10° cells/ml about 4 hrs after inoculation if grown in a minimal 
salts medium, and about 2 1/2 hrs for cells growing in L Broth. 

The density of viable E. coli cells in TMM media was 
determined from a standard curve Pore rieced by plotting the absorbancy 
at 650 nm of a 1.0 ml volume of culture (in a cuvette with a light 
path of 1.0 cm) vs. the viable cell counts. Viable counts were 
determined by plating an appropriate dilution of the culture and 


incubating overnight at 37°. 
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C. Preparation and Purification of Phage R17 


1. Cell Lysis and the Partial Purification of the Released 


Phage by a Two-Phase Polymer System 


Ten liter cultures of E. coli WP156 were grown in supplemented 
TMM medium at 37° in a small fermenter at a stirrer speed of 120 rpm. 
Under these conditions, cultures generally reached a cell density of 
Cae 10° cells/ml about 6 to 6 1/2 hrs after inoculation and were 
then infected by the addition of a phage R17 suspension at a 
multiplicity of 5 - 10 PFU/cell. The stirrer speed was reduced to 
50 rpm for 15 min after infection and was then increased to 140 rpm. 
After about 6 hrs, cell lysis was discernible through the appearance 
of clumps of cell wall debris accompanied by a reduction in the 
optical density of the infected culture. Cell lysis was completed 
by adding lysozyme (66 mg/1) and incubating 30 min and finally 
by adding chloroform (3 ml1/1) followed by a further incubation for 
20 min. The titer of crude lysate thus obtained varied from 
shire 10 a LoEZzex 10 PFU/ml1. 

The phage in the crude lysate was concentrated and partially 
purified by using a modification of the liquid two-phase polymer 
method described by Albertsson (1967). Following addition of 2.1 g 
sodium dextran sulfate (NaDS), 71.5 g polyethylene glycol 6000 (PEG) 
and 18 g NaCl per liter of crude lysate, the mixture was stirred to 
homogeneity prior to storage at 4° for at least 48 hrs to allow phase 
formation. Then, most of the top PEG phase (comprising 90 - 95% of 
the total volume) was siphoned off, care being taken not to disturb 


the interphase. The lower NaDS phase and the interphase material 
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containing cell debris and the highly concentrated phage were mixed 
with 50° mi ss6 (0.15 M NaCl, 0:015°M sodium citrate, pH 7.0) and 
centrifuged at 10,000 g for 10 min. The supernatant was retained and 
the pellet washed four more times with 50 ml SSC. To the combined 
washings was added 0.15 vol of saturated KCl solution and this was 
stood for 2 hrs at 4° to precipitate the residual NaDS. After centrif- 
ugation at 10,000 g for 10 min, the supernatant was dialyzed for 24 hrs 
against two changes of SSC at 4°. The phage was pelleted by centrif- 
ugation at 18,000 rpm for 18 hrs in the Beckman Type 19 rotor and 
finally resuspended in 60 ml SSC in preparation for banding in a 


CsCl density gradient. 


2. CsCl Isopycnic Banding of Phage 


Preformed CsCl gradients were prepared from a conventional 
gradient maker by using equal weights rather than equal volumes of 
CsCl solutions at densities of 1.2 g/cc and 1.5 g/cc. The total 
volume of the gradient was 20 ml in a 35 ml cellulose nitrate gradient 
tube. Fifteen ml amounts of the R1/ suspension were layered on top 
of the gradients and centrifugation was carried out at 23,000 rpm for 
19 hrs at 4° using the SW 27 rotor of a Beckman L2-65B ultracentrifuge. 
Under these conditions, the phage particles form a band about three- 
quarters of the way down the tube. The phage is recovered by insert- 
ing a needle just below the band and collecting in a syringe and then 
the phage suspension is dialyzed against SSC at 4° overnight to 


remove the CsCl. 


3. Assay for Phage Density 


The number of phage particles in a phage suspension was deter- 


mined from optical density measurements with a Beckman (DBG) spectro- 
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22 
photometer, using an extinction coefficient at 260 nm of 7.66/mg/m1/cm 
(Gesteland and Boedtker, 1964). Assuming a molecular mass of 3.6 x 10° 
daltons per phage particle, as reported by the foregoing workers, one 
absorbancy unit was calculated to contain 2.18 x 10s) particles. A 
yield of about 30 ml of phage at a density of 1-5 x 10° particles/ul 


was usually obtained from a ten liter crude lysate. 


D. Radioactive Labeling of Phage R17 


Le 325_ Labeling of R17 Phage RNA 


Overnight cultures of E. coli WP156 were grown in supplemented 
TMM medium with the phosphate concentration lowered to 0.5 mM. A two 
ml aliquot of the overnight culture was transferred to 100 ml of fresh 
medium with a similar phosphate concentration and the cells grown up to 
4x 10° cells/ml. Phage infection was carried out at a multiplicity 
of 40 PFU/cell. At 5 min post infection, a neutralized solution of 
2p inorganic phosphate (1.0 mCi) was added and incubation continued. 
Purified phage obtained from such crude lysates normally had a specific 


Padtoactivity, Ofe 20x 10 cpm/particle. 


2. Labeling of R17 Phage A Protein with Radioactive Histidine 
The fate of the A protein during phage infection can be followed 
by labeling the phage with radioactive histidine. This procedure 
exploits the fact that the A protein is the only histidine-containing 
polypeptide associated with wild-type phage (Steitz, 1968a). Labeling of 
the phage was carried out using oT RTecrarne according to the method 
originally developed by Krahn (1971). A 100 ml culture of E. coli WP156 


8 7 : 
was grown to a density of 4 x 10 bacteria/ml in supplemented TMM medium 
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to which 10 pg/ml of amino acids (no histidine), and 10 yg/ml each of 
urocanic acid, adenosine, guanosine, cytidine and uridine were added at 
the time of infection. The multiplicity of infection was 40 PFU/cell. 
Fifteen min after infection, Descclemi aridine was added to a final 
activity of 37.5 yCi/ml, and 7 min later, the pulse was terminated by 
the addition of unlabeled histidine to a final concentration of 10 yg/ml. 
Incubation of the culture was then continued until lysis occurred 3 - 4 
hrs later. Purified phage obtained from such crude lysates generally 
had a specific radioactivity of 1 x 1010 cpm/particle, and contained 
about 70 - 85% of the radioactivity in the A protein. The remainder of 
the radioactivity was found to be in the phage RNA, equally distributed 


between adenine and guanine residues (Krahn, 1971). 


3. Purification of Radioactively Labeled Phage 


Purification of the radioactively labeled phage was carried out 
using a slightly modified version of the procedure for unlabeled phage. 
After addition of PEG, NaDS and NaCl to the crude lysate, the mixture 
was stood for 18 hrs to ensure phase formation. Then it was centrifuged 
at 10,000 g for 10 min prior to removal of the PEG layer. The interphase 
material was retained and the pellet was washed 5 times with 5 ml amounts 
of SSC. After removal of the residual NaDS by KCl precipitation, the 
phage were pelleted by centrifugation for 2 % hrs at 4° in the Beckman 
60 Ti rotor and were finally resuspended in 4 ml of SSC to which was 
added 2.4 g CsCl. Density gradient centrifugation was carried out at 
35,000 rpm for 18 hrs at 4° using the Beckman SW 50.1 rotor and 
fractions were collected by piercing the bottom of the tube with a 


hollow needle. 
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Ee Isto eupyal Coillicl WEN Radioassay 


Samples (30 - 100 u1)to be assayed for TCA-insoluble material 
were transferred by pipette to 3MM Whatman filter discs (2.1 cm 
diameter) pinned to a board. The paper discs were processed by a 
scheme modified from that published by Mans and Novelli (1960). 


For reasons of safety, ethanol was used in place of ether. 


1. Hot TCA-Insoluble Products 


Amevoyilyey 7 5 AL 


Preparation of Paper Discs for Hot TCA Insoluble Products 


Step Time Wash medium Temperature 
al 30 min 1078 UGA 4° 
2 5 min 57 ICA 4° 
3 45 min Sper ney N 90° 
4 1 Senin SARIN iio 
5 15 min 85% EtOH 2DO> 
6 15 min 90% EtOH 20e 
ae Cold TCA-Insoluble Products 


Treatment was similar to that shown in the above scheme with 


the substitution of a 15 min 5% TCA (4°) wash for step 3. 
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1D’, Radioisotope Counting 


Dry samples such as radioactive material embedded in air-dried 
filter discs after TCA treatment were counted in 5.0 ml toluene- 
based scintillation fluor (prepared by the addition of 4 g Omi- 
fluor from New England Nuclear per liter of scintillation grade 
toluene) in a Beckman LS-230 liquid scintillation spectrometer. 

Aqueous samples were assayed by combining 0.5 - 1.0 ml samples 
with 10 ml Scinti Verse (Fisher Scientific Co.) in a scintillation 
vial and shaking the mixture to homogeneity. The efficiency of 
counting in Scinti Verse was >95% for 325 and >30% for a 

External standardization was used to monitor the efficiency 
of counting of all radioactive samples. 

Samples with low levels of radioactivity were counted for a 
sufficient length of time to reduce the error to less than 5%. AI1l 
sample values were corrected for background radioactivity registered 


in controls containing no added sample. 


G. Plaque Assay for Infectious Phage 


The number of infectious phage in a suspension was determined 
by serially diluting the sample and mixing 1.0 ml of a dilution with 
0.2 ml of seed culture (4 x 10° cells/ml) and 2.0 ml of liquefied 
top agar. After agitation, the mixture was poured onto hard agar 
in a Petri dish and allowed to solidify before the plates were invert- 
ed and incubated at 37° overnight before scoring for plaques. A 


single dilution was usually plated out in duplicate. 
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H. Isolation of RNA 


RNA was isolated from R17 particles according to the procedure 
developed by Sagik et al., (1962). The phage particles were suspended 
to a concentration of 3 mg/ml in Sagik's buffer (0.01 M Tris HCl, 

BH eo On 0 belek i 0.005 M MgC1,) containing 1% SDS and shaken for 

5 min at 20°. Deproteinization was accomplished by adding an equal 
volume of buffer-saturated phenol containing 0.2% Macaloid and 0.1% 

SDS and shaken for 15 min at 4°. The phenol was redistilled immediately 
prior to use. The resulting emulsion was separated into phases by 
centrifugation at 10,000 g for 10 min and the aqueous layer was 
removed. The phenol extraction procedure was repeated three times. 

The RNA was then precipitated by the addition of two vol of cold (-20°) 
MeOH and 0.01 vol of 20% potassium acetate, pH 5.2 and was stored 
overnight at -20°. The precipitated RNA was then collected by cen- 
trifugation, dried under nitrogen gas and stored in a dessicator at 


-20° until used. 


I. Sucrose Gradient Techniques 


Linear (5 -— 20%), 4.6 ml sucrose gradients in the appropriate 
buffer were poured from a two-chamber Buchler gradient maker. Before 
using, the gradients were equilibrated by storing at 4° for 6 hrs. 
Sucrose gradients incorporating 8 M urea or guanidine-HCl at the 
appropriate concentration were similarly prepared. In experiments 
where naked RNA was present, RNase-free sucrose was used in the 
preparation of the gradients. 


Aqueous samples (0.1 - 0.3 m1) were layered carefully onto the 
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gradients without disturbing the meniscus. Centrifugation was carried 
out at an appropriate speed and temperature using the SW 50.1 rotor 
in the Beckman L2-65B ultracentrifuge. 

Fractions from gradients were collected by piercing the bottom 


of the tube with a hollow needle. 
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After lactoperoxidase treatment, iodinated phage particles were 
concentrated by ultrafiltration through an Amicon Minicon-S125 
(exclusion limit = 125,000 daltons) which was prerinsed with bovine 


serum albumin (1 mg/ml) prior to use. 


K. Techniques Used in the Analysis of Proteins by Gel Electrophoresis 


1. SDS-Polyacrylamide Gel Electrophoresis 


Disrupted phage proteins were analyzed by the SDS-poly- 
acrylamide system described by Weber and Osborn (1969). Three 
different acrylamide concentrations were used: 

(i) 7.5% acrylamide (w/v) - 0.2% N,N'bis-methylene acrylamide (w/v). 
These gels of dimensions 5 cm x 1 cm, were used in the preparation 

of purified A protein. 

(ii) 10% acrylamide (w/v) - 0.28% N,N'bis-methylene acrylamide (w/v). 
Gels of this composition and with dimensions 10 cm x 6 mm were used in 
the analysis of lactoperoxidase iodinated R17. 

(iii) 10% acrylamide (w/v) - 0.14% N,N'bis-methylene acrylamide (w/v). 


These gels, also of dimensions 10 cm x 6 mm were used in the analysis 
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of phage proteins which had been cross-linked with bifunctional 
reagents. 

The gels which contained 0.1% SDS and 0.01 M sodium phosphate, 
pH 7.2, were polymerized chemically by the addition of 0.07% ammonium 
persulfate (w/v) and 0.04% TEMED (w/v). After addition of the latter, 
the gel solution was passed through a Gelman Metricel GA-4 membrane 
filter (pore size, 0.8 u) and was de-aerated under vacuum. The gel 
tubes which were 1.0 cm longer than the required gel length were 
treated with Column Coat before use. After pouring each gel, a few 
drops of water were carefully layered on top. The protein samples were 
suspended in a solution with the following composition: 0.02 M sodium 
phosphate, pH 7.2, 1% SDS, 8% glycerol, 0.002% bromophenol blue and 
5% 2-mercaptoethanol. The latter was omitted from samples containing 
proteins which had been cross-linked with methyl 4-mercaptobutyrimidate. 
The proteins were completely dissociated by immersing the samples for 
5 - 7 min in boiling water. After layering the cooled samples 
(0.1 - 0.2 ml) on top of the gels, electrophoresis was carried out 
in a phosphate buffer (0.01 M sodium phosphate, pH 7.2, 0.1% SDS) at 


5 - 8 mA/gel until the dye marker reached the bottom of the gel. 


2. » staining of Gels 


Gels were stained with Coomassie Blue by immersing in a 
solution containing 10% acetic acid, 25% isopropanol and 0.005% 
Coomassie Blue, overnight. Next day, the gels were transferred to 
a solution containing 10% acetic acid, 10% isopropanol and 0.005% 
Coomassie Blue. The latter solution was changed after 8 hrs and the 


following day, the gels were destained by immersing in 10% acetic acid. 
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3. Counting Radioactivity in Gels 

The gels were fitted into a teflon block with calibrated (1.67 
mm) transverse slits and were fractionated using a multiwire slicing 
device. Each slice was inserted into a scintillation vial to which 
was added 1.0 ml of a mixture of concentrated NH, OH and NCS solubilizer 
in a 20:1 (v/v) ratio. The vials were then capped and incubated at 
40° for 12 hrs. Then, the caps were removed and the contents dried 
in a 60° oven. After cooling, 5 ml of a toluene-based fluor was 
added to each vial and after standing in the dark at room temperature 


for 8 hrs (after which time the chemiluminescence has subsided), the 


radioactivity in each sample was monitored 


L. Preparation of an A Protein-RNA Complex and its Analysis by 
: P , : . so 
Density Gradient Centrifugation in Cs, 


1. Preparation of an A Protein-RNA Complex 


Acetic acid pellets of the phage were prepared as described 
(Osborn et al., 1970) by adding 2 ml of chilled glacial acetic acid 
to 1 ml (containing 1 mg) of a cold suspension of a mixture of oe 
labeled phage (1.9 x tor cpm ae py peneieie) and 355 histidine-labeled 


me cpm Jireerrecreye The mixture was shaken gently at 


phage (5 x 10. 
4° for 1 hr and the precipitate harvested by centrifugation (10,000 g, 
10 min). The pellet was washed first at 4° with 3 ml of 66% acetic acid 
to remove residual coat and then with 1 ml of buffer (0.01 M Tris-HCl, 
pH 7.5, 0.001 M EDTA) to remove excess acid. The pellet was dried 


gently under a stream of nitrogen gas, dissolved in 2 ml of buffer 


(0.1 M Tris-HCl, pH 7.5, 0.001 M EDTA) and then added to 3 ml of a 
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saturated Cs,S0/, solution (made up in the same buffer) in preparation 


for density gradient centrifugation. 


2. Stability of the A Protein-RNA Complex in Ethylene Glycol 
and Dimethyl Sulfoxide (DMSO) 


The stability of the complex obtained by acetic acid treatment 
of intact particles as described above, was tested in 5% and 10% ethyl- 
ene glycol and in 5% and 10% DMSO. The acetic acid pellet was dissolved 
in 2 ml of buffer (0.1 M Tris-HCl, pH 7.5, 0.001 M EDTA) containing the 
reagent and was incubated for 30 min at 4° prior to addition of 3 ml 


of a saturated Cs, 50, solution. 


3. Density Gradient Centrifugation in Cs,,50, 

Centrifugation was carried out for 65 hrs at 4° and 35,000 rpm 
in the SW 50.1 rotor using the L2-65B ultracentrifuge. Thirty-six 
fractions were obtained by piercing the bottom of the tube and collect- 
ing 12-drop aliquots in a series of 13 mm tubes. In order to compensate 
for changes in surface tension, 14-drop fractions were collected from 
gradients containing DMSO. The average density of the fractions was 
determined refractometrically. The density profiles of gradients 
containing ethylene glycol or DMSO could not be obtained refractomet- 
rically since each of these solvents has a high refractive index of its 
own. The RNA concentration of each fraction was estimated from the 325, 


counts precipitated by 5% TCA at 4° while the concentration of A protein 


was estimated from the 34 counts precipitated by 5% TCA at 90°. 


4, Nirenberg Assay 


To determine whether or not the RNA in the fractions from the 


Cs,50, gradient (see above) contained bound protein, the Nirenberg 
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filtration assay was employed (Nirenberg and Leder, 1964). An aliquot 

of each fraction was diluted with 3 ml of cold buffer (0.1 ™M Tris-acetate, 
pH 7.2, 0.02 M magnesium acetate, 0.05 M KCl) and this was passed through 
a membrane filter (Millipore Filter Corp., type HA, pore size 0.45 1). 

The filter was then washed three times with 5 ml amounts of cold buffer. 
Unbound RNA is removed in the wash while protein-bound RNA is retained on 
the filter, which is then dried and counted in 5 ml of toluene-based 


scintillation fluor, as described above. 


M. Treatment ‘of R17 with Guanidine-HCl (G-HCl) or Urea 


The desired concentration of guanidine-HCl was obtained by dialysis 
against 6°M G-HCl in TKC buffer (0.04°M Tris-HCl, pH 7.35 0:1 M KCl, 
0.005 M CaCl.) at 4°. The concentration of reagent was monitored 
refractometrically. Treatment of the phage with 8 M urea was accom- 
plished by the addition of 0.8 vol of 10 M urea in SSC (0.15 M NaCl, 


0.015 M sodium citrate, pH 7.3) to 0.2 vol of phage suspension. 


N. Neutralization of Phage Infectivity with Anti-(A Protein)-Antibodies 


1. ‘Isolation of Pure A Protein and Preparation of Antisera 


The A protein was prepared from intact R17 particles using the 
acetic acid-dodecyl sulfate procedure developed by Osborn et al., (1970). 
One vol of a phage suspension (1 - 4 mg/ml in SSC at 4°) was added to 
2 vol glacial acetic acid which had been cooled in an ice bath with 
stirring until the acid had just begun to freeze. The mixture was 
shaken for 1 hr at 4° and then the precipitate was removed by centrifug- 


ation (10,000 g, 10 min). The supernatant containing the coat protein 
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was removed and the pellet was washed first at 4° with 66% acetic acid 
to remove residual coat protein and the at room temperature with 95% 
ethanol to remove the excess acid. 

The washed pellet was then dissolved in sufficient 1% SDS to 
give an RNA concentration less than 10 mg/ml and the pH was adjusted to 
7.0 by the addition of 1 N NaOH. The solution was the made 0.1 M in 
Ka by addition of 2 M KCl, warmed to 50° to dissolve the potassium 
dodecylsulfate precipitate and then cooled to 4° until the precipitate 
formed again. This precipitate, which contained more than 50% of the 
A protein was harvested by centrifugation (10,000 g/10 min) and the A 
protein remaining in the supernatant was recovered by adding solid SDS 
to a final concentration of 1%, restoring the KCl concentration to 
0.1 M and repeating the precipitation. Both precipitates were washed 
twice with 0.5 M KCl, and then transferred while warm to a sac for 


dialysis againsts0.05 Mi NanCOs pHi 1590.17 sDSmatis/etovernieht., To 


5 
free the A protein from dodecylsulfate, nine parts of acetone were 
added to one part of redissolved potassium dodecylsulfate pellet. The 
resulting A protein precipitate was harvested by centrifugation 
(10,000 g/10 min). 

The A protein prepared in this manner is contaminated with a 
small amount of coat protein and RNA but it can be further purified 
by SDS-polyacrylamide gel electrophoresis. The precipitate remaining 
after acetone washing was dissolved in a phosphate buffer containing 
0.1% SDS and this was stained as described by Griffith (1972) with a 
Remazol dye (Amylose Azure) during the denaturation prior to electro- 


phoretic analysis. The migration of proteins stained in this manner 


can be visualised, thus permitting termination of electrophoresis 
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when optimum resolution has been obtained. A typical protocol for this 
procedure is as follows. The A protein precipitate was dissolved in 
0.01 M sodium phosphate buffer, pH 7.2 containing 0.1% SDS, to a 
concentration of approximately 0.5 mg/ml. To 1 ml of this solution were 


added 50 yp1 1.0 M Na ue pH 9.2 and 25 ul 1% Amylose Azure in 10% 


2 
SDS. This mixture was boiled 15 min and then 2 ml of the unstained A 
protein preparation were added. Glycerol and 2-mercaptoethanol were 
added to give final concentrations of 5% and 4%, respectively. The 
mixture was boiled 3 min, cooled and 0.2 ml aliquots were subjected to 
SDS-polyacrylamide gel electrophoresis, as described. Electrophoresis 
was carried out at 8 mA/gel for 3 1/2 hrs at which time the A protein 
was clearly separated from the coat protein. To ensure that the 
unstained A protein had the same mobility as that stained by Amylose 
Azure, both preparations were subjected to electrophoresis separately 
and were then stained with Coomassie Blue. The mobility of the A 
protein was found to be identical in each case. Also, the mobility of 


pHotecridine labeled A protein was found to be similar to that of the 


Amylose Azure stained A protein. 


The A protein bands were cut out of the gels and after addition 
of a small amount of saline, were macerated by repeated passage through 
a syringe. The A protein -acrylamide mixture was then injected sub- 
cutaneously in the dorsal region of New Zealand rabbits. Each inject- 
ion comprised material from 5 gels (0.5 mg A protein). Four injections 
were administered over a 5 month period. The rabbits were bled 11 
days after the final injection and the serum was stored at -20°. 

For immunodiffusion analysis, the A protein was purified by 


cutting out the bands from gels as described above, emulsifying these 
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in water and applying to a second gel to the end of which a dialysis 
bag was attached. Highly purified A protein was recovered from the 


dialysis bag. 


2. Micro-immunodif fusion Analysis 


Double diffusion analysis was carried out on standard micro- 
scope slides using 1% agarose dissolved in 0.1 M sodium phosphate, 

Dias 225.0515 M NaCl, 0.12 SDS. |This was prepared by boiline 20 min, 
filtering (Gelman Metricel GA-4, pore size 0.8 u) and making up to 

the original volume. The SDS was included to solubilize the A protein. 
A plexiglass template, in which six wells are situated circularly 
around a central well, was seated on four pieces of 20 1b fishing 

line (one piece at each corner of the slide) to allow preparation of the 
gel. The agarose solution was maintained at 50° while pouring and 
after gelation had occurred (by standing at room temperature for 10 
min), the wells were cleared of agarose by means of a vacuum line. 

After application of antigen and antibody, the slides were 
incubated in a water-saturated atmosphere at room temperature for 72 hrs. 
Then the templates were removed and the slides immersed for 48 hrs in a 
shaking bath containing phosphate-buffered saline (0.01 M sodium phos- 
phate, pH 7.2, 0.9% NaCl) at 4° in order to remove miscellaneous 
proteins. After washing by immersing for 3 - 4 hrs in distilled water 
at 4°, the ee were stained for 1 hr in Coomassie Blue (7.5% acetic 
acid, 5% methanol, 0.05% Coomassie Blue — filtered through a Gelman 


Metricel GA-4 membrane prior to use). Destaining was accomplished in 


1254 acetic acid. 


3. Neutralization Assay 


The phage neutralization was essentially that described by 
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Adams (1959). Approximately 1 x 10° PFU of phage in 0.1 ml were added 
to 4.9 ml of a dilution of antiserum and the mixture was incubated at 
37°. At zero time and at appropriate time intervals thereafter, 0.1 ml 
samples were removed and diluted with saline at 4° to prevent further 
phage inactivation. Aliquots of these dilutions were plated out as 
described above. 

The neutralization constant, K, was calculated from the following 


relationship: 


10g, 5 (Po/P) 


in which D is the dilution of serum, t is the incubation time in 
minutes, Po is the plaque assay at zero time and P is the plaque 


assay at time t. 


4, Purification of Immunoglobulin from Anti-(A Protein)serum 


The purification of 7S gamma globulin (IgG) from anti-(A 
protein)serum was carried out as follows. To 5 ml antiserum was added 
2.5 ml saturated (NH, ) ,S0,- The resulting precipitate was harvested by 
centrifugation (10,000 g, 10 min) at 4° and then resuspended in 5 ml 
phosphate-buffered saline (0.01 M sodium phosphate, pH 7.5, 0.9% NaCl). 


The (NH =), precipitation was repeated twice and the IgG precipitate 


42 
was resuspended in 0.01 M sodium phosphate, pH 7.5, and then dialyzed 
overnight at 4° against 2 changes of 0.01 M sodium phosphate, pH 7.5, 
(700 ml buffer/ml of resuspended IgG) in preparation for purification 
by DEAE cellulose using the batchwise technique described in the 


Whatman laboratory manual, "Advanced Ion-exchange Celluloses". 


To 35 g of DEAE cellulose (Whatman DE 52) — which was fully 
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equilibrated with 0.01 M sodium phosphate, pH 7.5, cooled to 4° and 
drained free of excess buffer — was added the dialyzed IgG and the mix- 
ture was stirred thoroughly and then stood for 2 hrs at 4° with occasional 
stirring. Then, 20 ml 0.01 M sodium phosphate, pH 7.5, was added and 
after stirring, the liquid phase was collected by centrifugation at 
10,000 g for 10 min. This liquid phase was then filtered through a 
Gelman Metricel membrane filter (GA-4, pore size 0.8 u) and concentrated 
by ultrafiltration (Amicon XM100A, exclusion limit 100,000 daltons). 

The IgG purified in this manner contained no contaminating poly- 


peptides, as judged by SDS-polyacrylamide gel electrophoresis. 


O. lLactoperoxidase Catalyzed Iodination 


To 750 ug R17 (purified as described above except that the final 
step in purification was sedimentation in a sucrose gradient rather than 
equilibrium density gradient centrifugation in CsCl) in SSC were added 
5 ug lactoperoxidase, 0.5 ug Nal and 0.1 mCi of Ne a The reaction 
was initiated at room temperature by the addition of 10 nmoles hydrogen 
peroxide which gave a final concentration of 8.4 x T0Ee M. Three 
further 10 nmole aliquots of hydrogen peroxide were added at 1 min 
intervals. Six min after initiation, the reaction was terminated by 
dilution with buffer. Unreacted lactoperoxidase and iodine were removed 


by ultrafiltration, as described above, followed by overnight dialysis 


against SSC at 4°. 


P. Cross-linking Studies 


Intact R17 particles were treated with the following bifunctional 


cross-linking reagents: 
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(a) Methyl 4-Mercaptobutyrimidate (MMB) 


Cross-linking with MMB was carried out using the method described 
by Sun et al., (1974). Intact phage particles at a concentration of 3.5 
mg/ml were incubated with the appropriate concentration of MMB in 0.05 M 


triethanolamine-HCl, pH 8, 0.001 M MgCl 0.05 M KCl and 3% 2-mercapto- 


2? 
ethanol for 30 min at the appropriate temperature. These conditions led 
to the addition of sulfhydryl-containing chains to the reactive amino 
groups on the phage proteins. After overnight dialysis at 4° against the 
same buffer minus 2-mercaptoethanol, the sulfhydryls were oxidised by 
adding hydrogen peroxide to a final concentration of 40 mM and incubating 
at room temperature for 30 min. This reaction was readily reversed in 

3% 2-mercaptoethanol. 

(b) Dimethyl Suberimidate (DMS) 

Cross-linking with DMS was carried out using the conditions out- 
lined by Barritault et al., (1975). The appropriate amount of DMS was 
dissolved immediately before use in a mixture of Buffer A (0.1 M 
triethanolamine-HCl, pH 7.2, 0.01 ™M MgCl.) and 2 N KOH (85:15 v/v). The 
pH of a suspension of phage particles (final concentration = 5 mg/ml) in 


Buffer B (0.1 M triethanolamine-HCl, pH 7.2, 0.01 M MgCl O05 MING, 


We 
0.006 M 2-mercaptoethanol) was adjusted to pH 8.2 by the addition of 0.06 
vol of buffer C (2 M triethanolamine-base, 0.05 M KCl, 0.01 M MgCl). 

To this was added 0.1 vol of the DMS solution and the mixture was incub-— 


ated at 30° for 90 min. 


(c) Glutaraldehyde 


The reaction conditions used by Steck (1972) were employed for this 
study. A phage suspension (1 mg/ml) in 5 mM sodium phosphate, pH 8, was 


treated with 15 mM glutaraldehyde for 2 hrs prior to electrophoresis. 
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CHAPTERS Lit 
LOCATION OF THE A PROTEIN IN BACTERIOPHAGE R17 
A. Introduction 


It has been shown by Curtiss and Krueger (1974) that the A protein 
isolated from MS2 particles which have been conjugated with dinitro- 
phenol (DNP) contains covalently attached DNP. This led them to suggest 
that the A protein is located on the surface of the virion. This 
suggestion was supported by their finding that lactoperoxidase catalyzes 
the iodination of the A protein as well as the coat protein monomers in 
intact MS2 particles. However, the location of the A protein is not 
conclusively demonstrated by these means. Dinitrophenyl-amino groups 
are not protonated at neutral or even acidic pHs and therefore, proteins 
so modified have altered electrostatic properties. Although Curtiss 
and Krueger (1974) showed that neither the density, the rate of sedimen- 
tation nor the infectivity is altered upon DNP treatment, it could be 
argued that such conjugation may alter the conformation of the A protein 
in such a way that it assumes a surface location. Also, iodination by 
lactoperoxidase cannot be absolutely relied upon as a means of establish- 
ing the surface location of a protein. Indeed, the procedure employed 
by Curtiss and Krueger for the purification of the MS2 particles 
included steps (freon extractions and CsCl density gradient centrifug- 
ation) which have been shown to permit iodination of a core polypeptide 
in adenovirus (Everitt et al., 1975)" 


The present report describes further investigations on the 


location of the A protein in RNA phage. It is shown that anti- 


bodies prepared against highly purified A protein neutralize the 
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the infectivity of the phage, and that lactoperoxidase iodination of 
intact R17 particles purified without using freon or CsCl centrifug- 
ation, results in the iodination of both the A protein and the coat 
protein. These findings, considered in conjunction with those obtain- 
ed by Curtiss and Krueger (1974), overwhelmingly imply a surface 
location for the A protein of the RNA phages. 

As a possible means of investigating the topography of the A 
protein on the virion, bifunctional cross-linking reagents were employ- 
ed. The latter have been used to ascertain the neighbourhood relation- 
ship of protein components in ribosomes (Bickle et al., 1972; Chang 
et al., 1972; Slobin, 1972; Clegg and Hayes, 1974) and in the plasma 
membrane (Ji and Ji, 1974). The reagents used in the present study 
are methyl 4-mercaptobutyrimidate (MMB), dimethyl suberimidate (DMS) 
and glutaraldehyde. No information regarding the location of the A 
protein relative to the coat protein monomers could be gleaned from 
these cross-linking studies but the formation of coat protein dimers 
was noted and this will be discussed in relation to prevalent theories 


regarding the structure of the RNA phages. 


B. Results 


1. Immunodiffusion 
Fig. 3.1 illustrates the reaction of anti-(A protein)serum 
with A protein. It may be seen that A protein-antibody precipitin 
bands were produced at the two highest concentrations of antiserum 
used. That an immunoprecipitate might be detectable in the presence of 
0.1% SDS was suggested by the findings of Crumpton and Parkhouse (1972) 


who showed variable degrees of inhibition of precipitation by 0.1% SDS. 
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Fig. 3.1 Gel diffusion pattern of A protein and anti-(A protein) 
serum. The central well contains 5 pl of A protein dissolved in 
0.01 M sodium phosphate, pH 7.2, 0.1% SDS at a concentration of 

1 mg/ml. Contents of outer wells beginning in the topmost well 
and going clockwise: 5 ul of the following serial dilutions of 
antiserum (undiluted, 1/2, 1/4, 1/8, 1/16) and 5 ul of phosphate- 
buffered saline. 
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No precipitin line was observed when the A protein was replaced by the 


coat protein under similar conditions of immunodiffusion. 


2. Neutralization of Phage Infectivity 


The kinetics of neutralization of bacteriophage R17 by antiserum 
to A protein were measured at antiserum dilutions of 1/100 and 1/200 and 
the results are shown in Fig. 3.2 as a plot of the logarithm of the frac- 
tion of surviving phage as a function of the incubation time of the 
reaction mixture. It can be seen that the rate of neutralization depends 
on the antibody concentration since the two-fold decrease in the latter 
increases the time for 90% neutralization from 5.8 min to 11.8 min. A 
similar neutralizing effect was observed when the phage were incubated 
with immunoglobulin purified from the anti-(A protein)serum by (NH, ) 50, 
precipitation and ion-exchange on DEAE cellulose, as described in 
Materials and Methods. In the control experiment in which the phage 
were treated with antiserum obtained from the rabbits prior to injection 
of the A protein, no decrease in infectivity was observed. 

The neutralization constant, K, was found to be 43 nine This 
relatively low value for K is not surprising in view of the highly denat- 
ured state of the A protein which was used as antigen. Also, it is prob- 
able that only a small part of the A protein is exposed on the virion; 
presumably, a large portion of the polypeptide is involved in inter- 


actions with the remainder of the particle. 


3. Lactoperoxidase Catalyzed Jodination 


By virtue of its high molecular weight (77,000), lactoperoxid- 
ase is unable to penetrate an intact cell membrane or cell wall. There- 
fore, in the case of a spherical capsid such as that possessed by the 


RNA phages, only those proteins which are on the surface of the capsid 
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Fig. 3.2 Neutralization of bacteriophage R17 by rabbit anti- 
(A protein)serum at 37°. The ordinate gives the logarithm of 
the ratio of plaques at a certain time to that at zero time. 
e——-® 1/100 dilution of antiserum, O——o 1/200 
dilution of antiserum. 
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are expected to be iodinated by lactoperoxidase. The primary target of 
iodination in proteins is the phenolic group of tyrosine although the 
imidazole group of histidine may also be susceptible. This system has 
been used to identify the exposed proteins on ribosomes (Michalski et al., 
1973), on erythrocytes (Morrison, 1974) and on viruses (Stanley and 
Haslam,@19/1; Sefton et al., 1973). 

In order to ascertain whether the enzymatic treatment had caused 
any disruption or distortion of the R17 particles, the iodinated phage 
were subjected to sucrose gradient centrifugation. The resulting sed- 
imentation profile (not shown) was found to be identical to that of un- 
treated phage indicating that the physical integrity of the particles 
remains unchanged following lactoperoxidase treatment. 

When the iodinated phage were disrupted and analyzed by electro- 
phoresis, two peaks were observed (Fig. 3.3) having mobilities corres- 
ponding to R17 coat protein and A protein. A small amount of material 
remained at the top of the gel and this is presumed to be a phage protein 
aggregate. No iodination occurred in the control experiments where 
either the H,0, was omitted or where both the H,0,, and lactoperoxidase 
were omitted. It was found that the A protein represented approximately 
9% of the total counts instead of just under 2% as would be expected from 
the molar ratio of tyrosine in the A protein [where there are 13 residues 
(Steitz, 1968b)] to that in the coat protein [where there are 4 residues 
(Weber, 1967)]. Even if all 5 histidines are iodinated in the A protein, 
this does not account for the discrepancy. It therefore appears that the 
A protein is more accessible to lactoperoxidase iodination than the coat 
protein monomers. Curtiss and Krueger (1974) found an even greater prop- 
ortion of iodine in the A protein. The lower value obtained in the pres- 


ent study may be due to the less disruptive mode of purification employed. 
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4, Cross-linking 


Each of the three reagents used in this study cross-link the 
amino groups of proteins. Both the A protein and the coat protein 
contain lysine residues [16 residues in A protein (Steitz, 1968b); 

6 residues in coat protein (Weber, 1967)] and therefore should be 
capable of being cross-linked by these reagents. The extent of cross- 
linking of SHendei dine labeled phage was examined by SDS-polyacryl- 
amide gel electrophoresis. The gels were stained in Coomassie Blue as 
described in Materials and Methods and photographs of these gels are 
shown in Figs. 3.4, 3.5 and 3.6. After staining, the gels were sliced 
and counted in toluene-based fluor, as described in Materials and 
Methods. The position of the 34 peak is indicated on the figures. 

Sucrose gradient analysis of the cross-linked phage particles 
revealed a similar sedimentation profile (not shown) to that of untreat- 
ed phage. Hence, the physical integrity of the particles remains 
unchanged following treatment with the bifunctional reagents used in 
the present study. 

Treatment of intact particles with MMB (Fig. 3.4) caused the 
formation of a major new band of which the electrophoretic mobility 
corresponds to that expected for coat protein dimers, (MW 28,000). 

Two additional complexes of molecular weights 50,000 to 54,000 and 
76,000 to 80,000 are found. These are assumed to be tetramers and 
hexamers of coat protein monomers, respectively, rather than a complex 
containing A protein since upon cross-linking peer fetidine labeled 
R17 with MMB, all the 34 counts coincided with the A protein band. 
Treatment with DMS (Fig. 3.5) similarly caused formation of dimers and 


also a small amount of material of molecular weight 52,000, again 
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Fig. 3.4 Cross-linking of bacteriophage R17 with methyl 4-mercapto- 
butyrimidate (MMB). A suspension of R1/ (3.5 mg/ml) was treated with 
(b) 10 mM MMB at 22° (c) 10 mM MMB at 37° (d)- 20gmM MMB at 22° (e) 33 
mM MMB at 22°, for 30 min and oxidised with Hj705 prior to electro- 
phoretic analysis, as described in Materials and Methods. An aliquot 
of reaction mixture (b) was treated with 2-mercaptoethanol prior to 
electrophoresis and this is shown cra tet) re 
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Eigs5.5 CUross—linking ot bacteriophage R17 with dimethyl suberimidate 
(DMS). A suspension of R17 (5 mg/ml) was treated with DMS for 2 hrs at 
30° at the following concentrations (b) 8 mg/ml (c) 12.5 me/mls (djsil7.5 
mg/ml prior to electrophoretic analysis as described in Materials and 
Methods. An untreated sample of R17 is shown in (a). 
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Fig. 3.6 Cross-linking of bacteriophage R17 with glutaraldehyde. 
(a) Phage R17 (1 mg/ml) was treated with 15 m™ glutaraldehyde for 
2 hrs at 22° prior to electrophoretic analysis as described in 


Materials and Methods. An untreated sample Hierivenppeshs aAnecb) < 


49 


50 


presumably coat tetramers. The major species produced by glutaralde- 
hyde (Fig. 3.6) was also dimers but in addition, this reagent caused 
the formation of a heterogeneous population oF products of different 
molecular sizes. Of the concentrations tested, only the effect of 15 m™ 


glutaraldehyde is shown. Lower concentrations of this reagent caused 


a proportionately lesser quantity of cross-linked product. 


CG. Discussion 


Neutralization of the infectivity of phage R17 with antibody 
prepared against the A protein confirms the previous finding (Argetsinger 
and Gussin, 1966; Roberts and Steitz, 1967: Kaerner, 1970; Verbraeken 
and Fiers, 1972) that the A protein is essential for infectivity and 
provides direct evidence for the surface location of this protein in 
R17 particles. It has been previously observed that antibodies 
prepared against coat protein monomers have no effect on the infectivity 
of phage MS2 although capsid antiserum has a significant neutralizing 
effect (Rohrmann and Krueger, 1970). The capsids used in the preparation 
of the latter serum were generated by rapidly freezing and thawing 
phage particles and subsequently treating with RNase. Such capsids 
may contain residual A protein. However, even if A protein were removed 
by this treatment, it is easy to envision that adsorption of the anti- 
bodies to the region of the capsid in the vicinity of the A protein 
would sterically hinder the attachment of the latter to the F pilus. 

The kinetics of neutralization were determined at antiserum 
dilutions of 1/100 and 1/200 and were found to be first order during 


the initial reaction period. After 5 min, the rate of inactivation 


A\4 : 
‘ 2 sitet, i AM yy 
- . she £ a 3 gas _ 
% “ots ie sa * re bg cen on 
ows ) : : = b 
i pene snayess. | on HOLPLGRE x 
7) t « : : ; ~ _ 
iors? Ath ¥o esabboiq to nak 
Ma 2 Yo “soptte sid “Loe. bes 0 
bacuen. InSBh47 at is to, evo leas ‘tired ; ab aveuiedl ‘6 tule 
© - ; - 
vie 7. ae 
-dodkery bow) wae To eT teR seeeel + fas 20k F984 s. 
7 ' 
7, 
— 
. ; 7 " 
7 
iv 
ybost me gabe Vib saat) Vig (yh gta 20. notsaxt terse 
Yoarle tye tA), gokhalt abalrs + eartaiicd ahetosg a oft: aaategs: th és rao 
7 ' i 2 7 - Sic.% 
WV MONEE freien s89e - tg hae Ne RiaB <aaks nities hae 
a, % . Ag? ig : base 
TRIE ed lek ae Ledury! A Bit taedy | Cave ie ‘ 
riagery ates Sp. 0 gate ond so a Be bib Jewrkh esbbven cf 
, P. aire 
eb liad) joe gade-bayo orn fendtyvste a jad ie at ,eaioitrae 
7 
: 1] 
Wiivrgosiel ad? ov agette vigil, wakgaian taro! "a lid jqikugw hs tags 4 
= A 
: - iM Pt 
Bsretiaiougn segssringes —“4 putea sac’ bragged ogy ste: CaM os 1% 
: a i iz 7 p 
; , , a > 
col a4oqatea glo al Dew ahteas ea t- (GPVE S cacehablel iit cnsarntoh) ‘oe Hs 
wy le ' oe o 
qoiwirie bow yntedess ¥ ibhqat vd OS4Jot0064 Side oe sgn wid Bo 
. a 
els 4 *(e r) +Gue egi ty ty Sie nh PS es | md 4} sieht bere 4 
7 ; > 
be sie’ 6 aw idoterq A' 7) cbs vovol 7, eich Ad bites at oe 
shjan ae 19 igre + his qtidatvanse2 <nlamalad paasyicd ah ts 
7 o og oe ay rah . ae | ee 
Psi ° nike soi) A alta) a: 43 bibaiw! Ke od es cereal e nokgot ede oy a 
: ~ ay ’ . Ves i 


q ae smd a ei aaa - 
Sut 


became slower, suggesting that the surviving phage are somewhat more 
resistant to the effect of antibody. Similar neutralization curves 
have been obtained for most of the phages studied and several theories 
have been proposed in an effort to account for this phenomenon (Adams, 
1959; Krummel and Uhr, 1969). The mode of neutralization observed in 
the present study corroborates the previous finding that neutralization 
of f2 phage is due to a single "hit" by an antibody at some critical 
site on the surface of the virion (Witte and Slobin, 1972). Indeed, 
these authors suggest that this critical site could possibly be the 

A protein. 

The ease of formation of coat protein dimers in the present study 
suggests an important role for this species in the structure of the phage. 
The maximum distances spanned by DMS and MMB are 11.7 &A and 14.6 A, 
respectively, while the glutaraldehyde which is largely polymeric, 
causes heterogeneous cross-linking (Richards and Knowles, 1968). No 
cross-linking was observed when intact particles were treated with either 
tartryl diazide which spans 6 A or o-phenanthroline/Cuso, which 
stimulates the air oxidation of sulfhydryls, using the reaction 
conditions outlined by Lutter (1974) and Steck (1972), respectively. 
This implies that a certain minimum distance must be bridged to permit 
dimer formation. 

The recent model of phage capsid structure proposed by Dunker 
and Paranchych (1975) in which the protein subunits are arranged in 
dimer formation with rings of five about the five-fold axis and rings of 
six about the three-fold axis further emphasizes the importance of 
dimers in the geometry of the capsid. This model has been substantiated 


by the three-dimensional image reconstructions from electron micrographs 
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of phage particles (Crowther et al., 1975) and the latter authors 
suggest that assembly of the RNA phages may take place via a dimer 
intermediate. The model does not specify the location of the A protein 
but it is proposed (Dunker and Paranchych, 1975) that the latter could 
protrude through one of the openings at either the three-fold or the 
five-fold axes. The absence of a high molecular weight product 
containing A protein in the present study probably reflects the 
unavailability of reactive amino groups rather than the distance 


of the A protein from the coat protein monomers. 
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CHAPTER IV 


THE ISOLATION OF AN INFECTIOUS A PROTEIN-RNA COMPLEX 


FROM BACTERIOPHAGE R17 
Aw introduction 


As previously discussed, Leipold and Hofschneider (1975) isolated 
an infectious A protein-RNA complex by sucrose gradient sedimentation 
of the acetic acid precipitate of bacteriophage M12. However, attempts 
in this laboratory to apply their isolation procedure to phage R17 
failed because the A protein, rather than co-sedimenting with the RNA, 
was found to adsorb to the walls of the gradient tubes. Both cellulose 
nitrate tubes (capacity = 5 ml) and polyallomer tubes (capacity = 12 ml) 
were tried, but in each case, the A protein was almost totally removed 
from solution leaving free, partially-degraded RNA which sedimented as 
a single peak down the gradient. Prerrestientior the gradient tubes 
with Column Coat did not prevent the loss of A protein in this manner. 
However, as described in the present chapter, the problem was finally 
circumvented by using cesium sulfate centrifugation rather than 


sedimentation on a sucrose gradient as a means of isolating the complex. 


B. Results 


1. A Protein-RNA Complex on Cesium Sulfate Gradient 


Intact phage particles were treated with 66% acetic acid as 
described in Materials and Methods and the resulting pellet was solubil- 
ized and then subjected to density gradient centrifugation in Cs,50/, 


of mean density 1.6 g/cc. As seen in Fig. 4.1, two bands were present 


DS 


ins wie? A a) ‘whtsailsaioh Ge eggs 


aulsestentbes fielheag waossab Wad? natant aa 
A ‘ .¥ 
4 Lipo 2a & 7 evuwal ey su nearly RISO OG +o "3 1 ae 


CfA ezey Of Atdiocey] NOtTEL Ge ede A o) ecxsniedl wm) 

44a ais dain gait stata 1 rely Tedrax snc Aol) onocaoed : 
siminifas Ask \ebdug 1dfbesg ail io aking iad wvewhs Of bind’ be 
(ye Coots teagks) smdua, snolleyiog soe (La ¢ ~ ea heies) eodas si36z3in 7 
iwynoet VE agiad serail sv niewdtg w sd% .odea dona pl sed «bel3s “— 
en ioiperntiys dawig AS! Lave vaaheys) et Ser oq coat Buiyeat instil 
Soden dadiVuxg ails Te sngadeeag oe! ry (aftr awok dawg olgnke , 2 
waeskee Pa Good siete mh ast: eae od ausVBig 10a bs 1a! wnoind be ey Wh 
“hiaed? wax’ eoldorg od? , 4 sqado snore ty Ais RX beats oeob: ee sont 
ith rad its Gattaas 4745 e2etLie wu kata gatae ye t i 

MS bgite ds ody gutgaleat 20. ath aw if Dh sivbbets oma # 20 


jnstihets yi tegeh serie 2 gy ; 
iw 8 sor? hare, ong lp et Reg nize 
moo 2dT .osadq Salad oy 5s 


Z 
a me FOS { SOR N vd fs Seu. 2 ge tI Oo 


— 
—~ 


Of bos ADT i” no! ts¥eat oo7q t AaG yy 
vos off .ebolsel ei aint@otaM ot hediy : 
tasult té In Od date betel ewe sotsses f mf 
sity \“oivissater yor fbevGyeh aan To Us ay i 
20 Jouceia sity spleryejae ys b eu Si9w b 
5 agi hen 2 an bis giei taiali pk be 
' pilin oder sms pe vis ¥/Sontatde ' 
ar 8 7) AP? botyvarsae-Logetitq Me nelside 
>. &——@ 236! oF sigtere yh ate aotragy 
vi ia pirmod~al hic’ { : . st we Sb sioako ah Als a em ee 
and t/ emtal G--———-" "Uae Deedasakh 
' : er. t 


, a ~ 


7 


ey ‘ 
oe : 7 Pemeerce rae 7 . | 


ee 


~~ 

: : fart 

(¢.o1emdat fee. varie ie 
> 


be ee 
? > @ 
tie owen TY Sawa wee sara 
a ee 


i * boll | — 
Ss =u = f oo un 
ie 


_ 


ad ih 
toot Nd> | 


Fig. 4.1 Cesium sulfate density gradient analysis of the solubil- 
ized acetic acid pellet prepared from a mixture of 3H-histidine 
labeled and 32p_jabeled phage. The concentrations of RNA and A 
protein were estimated by subjecting 35 ul aliquots of each fract- 
ion to precipitation by TCA at 4° and 90°, respectively, as des- 
cribed in Materials and Methods. The remaining 70 ul of each 
fraction was diluted with 4.0 ml of Nirenberg buffer of which 

1.0 ml was assayed for infectivity, while the remaining 3.0 ml 
were used to determine the amount of protein-bound RNA as describ- 
ed in Materials and Methods. The density profile which was 
obtained refractometrically is shown. The arrow indicates the 
position of phenol-extracted RNA in a parallel gradient. Centrif- 
ugation was from right to left. @———@® Cold TCA-insoluble 32p cpm, 
y——-v Hot TCA-insoluble 37H cpm, O———O) Protein-bound RNA by 
Nirenberg assay, O————O Infectivity (PFU). 
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at equilibrium. The band at higher density (1.63 g/cc) contains protein- 
free RNA (as judged by the Nirenberg assay), it is non-infectious and its 
position coincides with that of phenol-extracted phage RNA in the control 
gradient. The band at lower density (1.59 g/cc) contains RNA bound to A 
protein and this band contains the only infectious material in the 
gradient. This infectivity was totally abolished by incubation with 
5 ug/ml pancreatic RNase at 37° for 30 min, under which conditions 
intact phage retain their total infectivity. 

The molar ratio of protein-bound RNA to A protein in the complex 
was calculated from the known specific radioactivities of the RNA and 
A protein and found to be 1:1. However, this value varied from 0.4 to 
1.0 mole of A protein per mole of RNA, depending on the amount of A 
protein that happened to adhere to the walls of the cellulose nitrate 


tube during centrifugation in the Cs gradient and the amount of over- 


Deas 
lap between the peak containing RNA alone and the peak containing the A 
protein-RNA complex. That the counts on the aye were not simply due to 
precipitation was determined by cutting the tube into sections and count- 
ing each section in Scinti Verse. It was found that there was an approx- 
imately equal distribution of counts on the surface of the tube. The 
percentage of the total radioactivity which was found to adhere to the 
tube varied from 25% to 60% for 34 and from 10% to 254 for 1a ¥s 

In order to minimise loss of A protein by adherence to glassware 
and dialysis tubing (Hohn and Hohn, 1970; Steitz, 1968b; Valentine et 


al., 1969), the fractions were not dialyzed prior to assaying for 


infectivity. Nevertheless, the level of infectivity observed, viz., 


9 


ee, Seg? Ae 10 ~ PFU per original infectious unit, was one hundred-fold 


lower than that reported by Leipold and Hofschneider (1975) for M12. 
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The low yield obtained in the present study may be due to the effects 


of high salt on the complex. 


2. Dissociation of the A Protein—-RNA Complex in Ethylene Glycol 


The stability of the A protein-RNA complex in ethylene glycol 
was investigated. This reagent has been shown to disrupt hydrophobic 
interactions in proteins (Sage and Singer, 1962) and in a synthetic 
polynucleotide (Fasman et al., 1964b). Hydrogen bonds are expected to 
become more stable in ethylene glycol due to its low dielectric 
constant and this effect is presumed to account for the increased 
helical content which is observed when polyglutamic is dissolved in 
this solvent (Fasman et al., 1964a). In the present study, ethylene 
glycol causes the dissociation of the complex of density 1.59 g/cc and 
induces the formation of a new low density complex containing a higher 
molar ratio of A protein to RNA. Fig. 4.2 A shows the profile obtained 
when the acetic acid pellet is dissolved in 5% ethylene glycol prior to 
centrifugation. Here, the original complex is entirely dissociated and 
a small amount of the new complex appears at a density of approximately 
1.48 g/cc. (The latter value was determined from a parallel gradient; 
the actual density of the complex could not be obtained refractomet- 
rically since ethylene glycol itself has a high refractive index). 

When the acetic acid pellet is dissolved in 10% ethylene glycol 

(Fig. 4.2 B) prior to centrifugation, a similar profile is obtained 
except that the low density complex is present in about 3.5 times the 
quantity observed in the lower concentration of reagent. These effects 
can be interpreted by postulating that hydrophobic interactions play 
an important role in the stability of the original complex while 


enhanced hydrogen bonding capacity may well be responsible for the 
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Fig. 4.2 Cesium sulfate density gradient analysis of the acetic acid 

pellet prepared from a mixture of 3H-histidine labeled and 3“p-labeled 

phage which was incubated in (A) 5% ethylene glycol and (B) 10% ethyl- 
A-insoluble 3°P 

ene glycol prior to centrifugation. @——® Cold TCA-insoluble cpm, 

yy Hot TCA-insoluble “H cpm, U>] 1) Protein-bound RNA by Niren- 

berg assay, O———O Infectivity CEEU).. 
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formation of the new complex. In 10% ethylene glycol, the new complex 
contains about 5 moles of A protein per mole of RNA. Since a low level 
of infectivity (1 x ee PFU per original infectious unit) is assoc- 
iated with the complex, it must contain at least a small number of A 


protein and RNA molecules orientated in such a way that the infectious 


process is not impeded. 


3. Dissociation of the A Protein-RNA Complex in DMSO 


DMSO is an aprotic solvent which can disrupt hydrogen bonds 
in proteins by displacing bound water and forming stronger hydrogen 
bonds than water (Henderson et al., 1969). DMSO has also been shown 
to facilitate the denaturation of nucleic acids (Strauss et al., 1968; 
Katz and Penman, 1966) presumably by a similar mechanism. Therefore, 
if hydrogen bonding plays a prominent role in stabilizing the A 
protein-RNA complex, it would be expected that DMSO would dissociate 
such a complex. Dissociation of the complex indeed occurs when the 
pellet is dissolved in either 10% DMSO (Fig. 4.3) or 5% DMSO (not shown) 
prior to centrifugation and only a single peak containing RNA is 
observed in the gradient. No hot TCA-insoluble 34 counts appear in 
any of the fractions but they can be quantitatively recovered from 


the cellulose nitrate tube. 


Lee otability sof thevA Protein in Intact Particles in Urea 
and Guanidine-HCl (G-HC1) 


The stability of the A protein in the intact virion was inves- 
tigated in urea and G-HCl. The precise mechanism of these denaturants 
has not been clarified. Because of their obvious hydrogen bonding 


potential, it was originally assumed that these agents worked by 
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competing more successfully than water for the donors and acceptors 
involved in the intramolecular hydrogen bonding in the native macro- 
molecule (Mirsky and Pauling, 1936). This assumption, while not 
incorrect, must be modified by the finding that the solubility of 
non-polar substances is generally increased in solutions containing 
high concentrations of these compounds (Nozaki and Tanford, 1963), 
and it is now believed that a major part of the denaturing activity 
of these agents resides in their ability to disrupt hydrophobic 
interactions. In addition, G-HCl is a strong electrolyte and there- 
fore, electrostatic interactions are minimal in high concentrations 
of this salt (Tanford, 1968). Indeed, the versatility of G-HCl as a 
denaturant permits its use in the isolation of RNA (Cox, 1968) and 
DNA (Pramanick et al., 1976) from nucleoprotein complexes. A concen- 
tration of 4 M G-HCl is usually employed in these isolation proced- 
ures and it’ seemed reasonable that this reagent at lower concentration 
might be a useful probe to test the stability of the link between the 
A protein and the intact particle. 

The sucrose gradient profile of a mixture of pope inheten and 
eRonieridine labeled R17, which has been disrupted with 8 M urea is 
shown in Fig. 4.4. It can be seen that the A protein is completely 
dissociated from the RNA and that the latter sediments at a position 
characteristic of RNA isolated from R17 by phenolisation. This 
suggests that hydrogen and/or hydrophobic bonds are required to 
maintain the association between the A protein and the rest of the 
particle. 

A similar dissociation of A protein from the phage particle was 


observed in 3 M G-HCl. Fig. 4.5 shows the profile obtained when a 
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Fig. 4.4 Sucrose gradient sedimentation analysis of urea- 
treated phage. A mixture of 32p_jabeled and 3H-histidine 
labeled phage was treated with 8 M urea. A 0.2 ml sample 

of the urea-phage mixture was layered onto a 5 —- 20% sucrose 
gradient containing 8 M urea and centrifugation was carried 
out as described in Materials and Methods. The arrow 
indicates the position of phenol-extracted RNA in a parallel 
gradient. @———® Cold TCA-insoluble 32p cpm, W——V 1Hot 
TCA-insoluble 3H cpm. 
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Fig. 4.5 Sucrose gradient sedimentation analysis of guanidine 
hydrochloride-treated phage. A mixture of 32p_labeled and 3H- 
histidine labeled phage was dialyzed against G-HCl to a final 
G-HCl1 concentration of 3 M. A 0.2 ml sample was layered onto 
a 5 - 20% sucrose gradient containing 3 M G-HCl and centrifug- 
ation was carried out as described in Materials and Methods. 
@———® Cold TCA-insoluble 32P cpm, V————v Hot ITCA~-insol-— 
uble 7H cpm. 
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mixture of pce eiehaled and SHORT etiotee labeled R17 is dialyzed to 

3 M G-HCl at 4° and then subjected to sucrose gradient centrifugation. 
The material at the bottom of the gradient is probably a mixture of 
intact and modified particles while the central peak may contain 


both RNA and more extensively modified particles. 


C. Discussion 


Since infectious material is clearly present in the isolated 
A protein-RNA complex, it seems probable that the A protein is linked 
to the RNA in a manner similar to that presumed to exist during the 
normal infectious process. It has been suggested by Verbraeken and 
Fiers (1972) that the attachment of the A protein to the rest of 
the particle involves ionic interactions since in high concentrations 
of CsCl, intact virions suffer a progressive loss of A protein. That 
Cs,50, might, nonetheless, be a suitable medium for the isolation 
of an A protein-RNA complex was suggested firstly by the fact that 
RNA remains sufficiently hydrated to form bands in a solution of this 
salt, and secondly by the observation that the structural integrity 


of ribosomes is maintained to a much greater extent in Cs,S0/, than 


in CsCl (De Filippes, 1965). The greater hydration of solute in Cs,S0, 


solution presumably confers better protection to electrostatic 
interactions against salt dissociation. Indeed, the stabilizing 
effect of the soy anion relative to the Cl anion on macromolecular 


conformation has been well documented (von Hippel and Schleich, 1969). 


In an effort to ascertain whether or not hydrophobic and/or 
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hydrogen bonds contribute to the maintenance of stability in either 
the A protein-RNA complex or in the bonding of the A protein to the 
intact particle, use was made of the following perturbants: ethylene 
glycol, DMSO, urea and guanidine-HCl. Although the data obtained 
from the use of such agents must be interpreted with caution since 
few perturbants can be classified as "pure'' affectors of any one 

type of interaction, it seems certain from these studies that ionic 
interactions are not the only forces involved in stabilization of the 
A protein-RNA complex. The disruption of the complex in solutions 
containing ethylene glycol and DMSO implies the existence of hydro- 
phobic and hydrogen bonding, respectively, between the A protein and 
the RNA, while the removal of the A protein from intact particles in 
8 M urea implies a role for these bonding types in the intact particle, 
also. No deductions can be made with regard to the nature of the 
bonding disrupted by G-HCl since this agent can potentially affect 
all three types of interactions. 

A detailed study of the sequential degradation of R17 when 
incubated in 3 M G-HCl for varying lengths of time was reported by 
O'Callaghan et al., (1973). It was shown that treatment with this 
reagent at 37° for 10 min yields three modified particle forms of 
which two are highly unstable in high concentrations of CsCl (as 
indicated by the loss of RNA during equilibrium centrifugation) and 
are completely devoid of infectivity. These findings suggest that 
treatment of intact particles with G-HCl results in a considerable 
weakening of the link joining the A protein to the capsid and this 


view is substantiated by the findings in the present study that the 
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A protein is completely dissociated from the RNA and the rest of the 
particle in 3 M G-HCl (Fig.4.5) and is partially removed from the 
particle in 1 M and 2 M guanidine-HCl (not shown). 

The isolation of an infectious A protein-RNA complex clarifies, 
to some extent, the function of the A protein in RNA phages. If such 
a complex is indeed required for the infectivity of intact phage, then 
presumably the A protein would have a unique location on the RNA 
molecule. As discussed in the introductory chapter, Wong and 
Paranchych (1976a) provide evidence which suggests that the 3'-end 
of the RNA is the pilot end during infection by inact phage and 
this led to their proposal that the A protein is complexed to the 
3'-end of the genome. If this proposal is correct, then the 3'-end 
of the RNA must contain a specific region capable of binding the A 
protein. Such specificity may reside in the untranslated segment 
[which has a length of 174 nucleotides (Fiers et al., 1976)] at the 
3'-terminus of the genome. Also, it is possible that the terminal 


trinucleotide CCA is a required element for this specificity, much 


OH 
in the manner that tRNAs terminating in CCAG are recognized by 

amino acyl synthetases. Clearly, further investigations are required 
both to determine the specificity of the A protein-RNA complex and 


to elucidate the manner in which the A protein facilitates the 


transfer of the RNA into the cell. 
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CHAPTER V 


SUMMARY AND DISCUSSION 


From the foregoing studies, it seems clear that an A protein- 

RNA complex is the smallest subviral species of RNA phage which is 
capable of infecting intact E. coli cells. However, the A protein is 
presumably required only for the adsorption of phage to the F pilus and 
for the transport of the RNA into the cell, since naked RNA is infectious 
in a protoplast system. [An infectivity of 108 PFU per R17 RNA molecule 
has been observed by Paranchych (1963) and of 7.5 x 107 PO vee ‘ts PFU 
per R17 RNA molecule by Argetsinger and Gussin (1966). It is noteworthy 
that, by addition of protamine sulfate to the protoplast stock and incub- 
ation of the phage RNA at 37° prior to protoplast infection, Paranchych 
was able to increase the infectivity yield to 1 to 2 infectious RNA units 
per 10° phage.] A surface location for the A protein is the most logical 
one to fulfil its roles as the attachment organelle and pilot protein and 
the studies described in this thesis verify such a location. 

The fate of the A protein during phage infection is poorly under- 
stood, Krahn‘et ‘al. (1972) showed that the interaction of phage particles 
with F piliated bacteria at 37° leads to the cleavage of the A protein 
(MW 40,000) into two polypeptides of molecular weights 24,000 and 15,000 
which are transferred into the cell along with the phage RNA. The fact 
that the A protein and RNA are injected in approximately equimolar 
amounts and that their kinetics of penetration is similar, argues strongly 
in favor of the idea that the RNA is transferred into the cell as an A 
protein-RNA complex rather than as free RNA. While it is clear that 


the A protein is cleaved prior to penetration into the cell, the molecular 
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mechanism of this cleavage is unknown; nor is it known whether one or 
both of the A protein cleavage products are required to ensure transport 
of the RNA into the cell. It has been suggested by Paranchych (1975) 

that cleavage of the A protein may act as the mechanism which triggers 
RNA ejection from the phage. Once released from the phage, the A protein 
and RNA are transported via the pilus into the host cell. It was suggest- 
ed by Brinton (1971) that the A protein and RNA are transferred into the 
cell by threading through a hollow core in the F pilus. However, the 
recent finding of Wong and Paranchych (1976b) that the ejected RNA retains 
some of its secondary structure, argues against this model since the 
presence of folded regions in the RNA would confer a greater cross- 
sectional area on the molecule, thereby precluding its passage through 

the pilus. Wong and Paranchych (1976b) poddesed therefore that the A 
protein and RNA remain anchored to the exterior of the pilus and are trans- 
ported into the cell either by a pilus retraction (Marvin and Hohn, 1969; 
Novotny and Fives-Taylor, 1974) or by a sliding filament (Brinton, 1971) 
mechanism. 

As a means of obtaining information regarding the fate of the A 
protein and the RNA during early infection, Wong and Paranchych (1976c) 
monitored the degree of penetration of these phage components during 
infection by intact phage in the presence of RNase. It was found that 
penetration of the A protein is unaffected by RNase concentrations as 
high as 20 ug/ml while the penetration of RNA is greatly reduced at RNase 
concentrations as low as 0.1 ug/ml. In addition, these studies showed 
that all of the RNA which enters the cell in the presence of RNase is 
infectious and intact. This suggests (a) that the RNA on certain sites on the 


F pilus is protected against nucleolytic attack and (b) that the A protein 
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can penetrate the cell independently of the RNA. In a similar series of 
studies, Wong and Paranchych (1976b) showed that in infections carried out 
with phage whose RNA had been degraded in situ by aneeraineccen?. treat- 
ment, the amount of A protein penetration again remains at the level 
achieved by untreated phage during the normal infectious process and the 
amount of RNA penetration is again drastically reduced. However, in this 
case, examination of the penetrated RNA revealed ee ae degraded 
material. It is therefore evident that RNA penetration is not confined 
to intact infectious RNA, but that fragments can penetrate as well. 

These findings are consistent with the view that the A protein acts as 
the pilot protein which can guide an RNA fragment of varying length into 
the cell. 

From this brief discussion, it is evident that further studies are 
required to expand our understanding of the role played by the A protein 
during early infection. While it is now apparent that the A protein 
functions as an attachment organelle which facilitates the entry of the 
RNA into the cell, neither the nature of the interaction between the A 
protein and the pilus nor the means whereby the A protein is translocated 
along the pilus is known. Another nebulous area concerns the mechanism 
of cleavage of the A protein and the ultimate fate of the cleavage prod- 
ucts after injection into the cell, Clearly, the answers to these quest- 


ions await future investigations. 
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